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ABSTRACT 
 
The following dissertation explores and describes the research from two main 
directions: 1) development of stimuli-responsive organic materials based on stable free 
radicals, and 2) synthesis, reaction scope, and the proposed mechanism of oxidative 
esterification reaction of cyclohexane hexacarboxylic acid.  
Changes in the quantum mechanical property of the electron spin and the 
responsive changes in physical properties of a material are very intriguing and 
promising possibilities to investigate. The first part of this dissertation explores stable 
free radicals spin switching. In particular, Chapter 2 explores strength and nature of the 
viologen cation radical pi bond. Pi bonds are often exploited in the design of 
supramolecular assemblies in water. Here, the first systematic investigation of the effect 
of the viologen cation radical structure on pimer bond has been provided. A library of 
viologen cation radicals has been synthesized and studied. The findings suggest that 
the pi bond strength is essentially insensitive to increased conjugation, as well as to 
substitution with electron-withdrawing or electron-donating groups. Furthermore, the 
interaction is undiminished by sterically bulky N-alkyl groups, and shows no observable 
preference for social self-sorting between electron-rich and electron-poor radical 
cations. Chapter 3 explores switch-on paramagnetic probes based on a covalently 
linked viologen radical cation dyad. Changes in optical and magnetic properties are 
observed upon temperature cycling. This reversible thermomagnetic switch in water and 
cycling between diamagnetic and paramagnetic forms were followed using EPR and 
UV-Vis spectroscopy.  
The second part of this dissertation describes access to previously unknown aryl 
mellitic acid esters which may be useful in domino self-immolative linkers or as the 
cores of paddlewheel dendrimers. Chapter 4 explores the scope of the reaction and 
mechanistic considerations of the one-pot solvent-free oxidative esterification.
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CHAPTER 1. INTRODUCTION 
1.1 Dissertation Organization 
The following dissertation consists of two main parts describing the following 
research: 1) chapter 2 and chapter 3 discuss research investigation of 4,4’-bipyridine- or 
viologen-based radicals and their pi interactions 2) chapter 4 discusses oxidative 
esterification reaction of cyclohexane hexacarboxylic acid. Chapter 2 and 3 present 
published articles on the viologen-based radicals. Chapter 4 is a published investigation 
of the mechanism and the scope of the reaction for oxidative esterification reaction 
using cyclohexane hexacarboxylic acid with phosphorus pentachloride. 
In the paper comprising chapter 2, I synthesized a library of 4,4’-bipyridine-based 
cation radical derivatives. N-alkylation, N-arylation, and core substitution has been 
performed. I conducted dilution binding studies in aqueous buffered solution at pH 7 and 
pH 9.6. I determined association constants for each radical cation to compare the 
strength of the pi interactions among the library of the derivatives. UV-Vis and EPR 
spectroscopy was used to determine the apparent association constants. This 
investigation was conducted to understand the nature of pi-dimerization and to study the 
effect of substitution on the strength of pi bond.  
In the paper comprising chapter 3, I studied spin-switchable viologen-based 
organic radical dyad and its diamagnetic pimer-paramagnetic diradical equilibrium that 
can be reversibly manipulated by changing the temperature. Variable-temperature UV-
Vis and EPR studies were performed to test whether the equilibrium can be shifted 
toward the paramagnetic form by increasing the temperature. 
In the paper comprising chapter 4, I optimized reaction conditions and 
synthesized a library of sterically strained aryl mellitic acid esters. A simple one-pot 
solvent-free procedure has been developed to access previously unknown aryl mellitic 
acid esters. Also, mechanistic considerations have been studied. All the mechanistic 
investigations suggest that esterification step happens prior to oxidation or 
aromatization of the ring. These paddlewheel-like molecules can be potentially 
interesting motifs for a core of dendrimers as well as domino self-immolative linkers and 
serve as chemical amplifiers. 
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Appendices A, B, and C contain supplementary information such as NMR, EPR, 
UV/Vis spectra etc to provide additional details associated with chapters 2-4, 
respectively. 
  
1.2 The Viologen Cation Radical Pimer: a Case of Dispersion-Driven Bonding 
Formation of pi dimers in conjugated organic radicals recently have gained more 
interest due to their ability to generate self-assembling architectures. Especially, it is 
more challenging to design strong and selective self-assembling architectures in 
aqueous solutions. The Coulombic interactions weaken in water and a non-covalent 
complex can dissociate in aqueous solution while can be a tightly-bond complex in 
typical organic solvents. 4,4’-bipyridine or viologen cation radicals are known to be 
stable organic radicals which are well soluble in water. These radicals are also 
known to form pi dimers.1-15 Our laboratory provides the first thorough systematic 
investigation about the effect of structure of the radical viologen-based cations on 
the dimer pi bond strength and nature in aqueous solutions. This type of interaction 
can potentially make a significant contribution into a complex stabilization in water. 
Also, there is no published to date systematic study about the effect of the radical 
structure on the strength and nature of this “pimerization”. Meanwhile, this type of pi 
interaction is especially attractive to investigate as it has a great potential to make 
significant contributions to complex stabilization in aqueous media. Such pi 
interaction is orthogonal to other commonly employed types of interactions in water 
and could be used to design selective self-assembling complexes. Moreover, 
viologen radicals are a class of stable radical organic compounds which are capable 
to switch their pi interaction on and off through different external stimuli or 
reduction/oxidation control. Such control over a molecule spin state has a great 
potential for various applications such as organic spin crossover materials,16-18 
electrochromic devices,19-24 molecular data storage systems,25 molecular machines, 
photochromic materials,26,27 and spintronics.28,29 Also, it is important to investigate 
the pi bond strength control through the radical structure. As combining both controls 
in spin state and pi bond strength would allow more points to adjust the system in 
desirable manner. 
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1.3  An Organic Spin Crossover Material in Water from a Covalently Linked 
Radical Dyad 
The ability of a molecule to change a spin state often causes changes in 
chemical and/or physical properties of a compound, such as magnetism,30-34 color,35-
37 luminescence,38-42 crystallinity,43,44 infrared absorption and emission.45,46 Spin 
crossover phenomenon is well known and documented for organometallic 
compounds47,48 while spin crossover materials with similar properties based on small 
organic molecules are still under investigation.49-53 The great interest in switching 
between paramagnetic and diamagnetic forms of a stable organic molecule upon an 
external stimuli is caused by intriguing potential applications which employ materials 
with switchable properties. The most attractive applications include stimuli-
responsive polymers based on spin-switchable organic building blocks54,55 and 
switch-on magnetic resonance probes for biological applications. Important 
requirements for such material from biological application prospective are that it 
must be compatible with water and concentration independent. Radical cations of 
4,4’-bipyridine N-substituted derivatives are known to exist in monomer-dimer 
equilibrium in water56 and to switch magnetic states in water.57,58 To achieve 
concentration independent system we used a covalently linked radical dyad based 
on viologen building block. Three-carbon linker was used to achieve the most 
efficient intramolecular dimerization.59-62 Even though viologen-based polymers have 
been previously reported,63,64 the dimerization was not followed by means of EPR 
and no previous reports on reversible thermomagnetic switching were found. The 
dyad or propyl-tethered bis(viologen) tetracation can be chemically reduced in 
aqueous solution to form dication diradical species and exists in equilibrium with its 
diamagnetic pimer (intramolecular concentration independent dimerization). To 
monitor changes in spin state of aqueous solution of the compound upon application 
of external stimulus EPR (electron paramagnetic resonance) was used to follow 
unpaired electrons’ signal and to give quantitative analysis. UV-Vis was used to 
monitor changes in optical properties. 
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1.4  Access to Aryl Mellitic Acid Esters through Surprising Aromatic Oxidation 
Hexaester derivatives of mellitic acid are very promising molecules with a great 
variety of exciting potential applications. There are multiple synthetic procedures to 
prepare alkyl mellitic acid esters65-69 while reasonable synthetic procedures for aryl 
derivatives remain undescribed to date. Due to the high steric hindrance of these 
aromatic hexasubstituted structures it is very challenging to prepare such molecules. 
Herein, we describe novel one-pot solvent-free simple procedure to access 
previously unknown aryl mellitic acid esters under relatively mild reaction conditions 
with chromatography-free purification procedure. Also, we investigated the scope 
and the mechanism of the reaction to propose a plausible pathway of this oxidative 
esterification. Aryl mellitic acid esters may be potentially useful motifs in preparation 
of molecular amplifiers, in domino self-immolative linkers,70 or such paddlewheel 
structures may be useful as the cores of hexagonally branched dendrimers. Also, 
some hindered aryl mellitic acid esters may exhibit anomalous fluorescent 
behavior.71 
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CHAPTER 2. THE VIOLOGEN CATION RADICAL PIMER: A CASE OF 
DISPERSION-DRIVEN BONDING 
Taken in part from a paper submitted to Angewandte Chemie  
Margarita R. Geraskina, Andrew S. Dutton, Mark J. Juetten, Samuel A. Wood, Arthur H. 
Winter 
 
Abstract 
Pi bonds between conjugated organic radicals have generated recent excitement 
for their potential to add an orthogonal intermolecular interaction to the toolkit for 
designing self-assembling architectures in water.  Here, we provide the first systematic 
investigation of the effect of the radical structure on the strength and nature of this 
radical-radical pi bond by synthesizing a library of viologen cation radicals with varying 
N-alkylation/arylation and core substituents and performing dilution binding studies in 
aqueous buffer. The strengths of these pi bonds are comparable to other types of more 
common intermolecular interactions that have been exploited in the design of 
supramolecular assemblies in water (H bonds, ion-ion, cation-pi, etc). A striking feature 
of these pi bonds is that, in sharp contrast to more conventional bonds, the pi bond 
strength is virtually insensitive to increased conjugation or electron-donating groups and 
only slightly attenuated by powerful electron withdrawing groups.  Furthermore, the 
interaction is undiminished by sterically bulky N-alkyl groups, and shows no observable 
preference for social self-sorting between electron-rich and electron-poor radical 
cations.  By monitoring both the free radical using EPR spectroscopy, and the pi dimer 
using UV-Vis spectroscopy, we can rule out oft-conjectured disproportionation reactions 
and sigma dimers as significant contributors to the aqueous equilibrium of these 
species. Surprisingly, computational modeling of this interaction indicates that the pi 
bond is dominated by dispersion forces, with only a small covalent character from orbital 
overlap of the radical pi SOMOs, rationalizing the insensitivity of this interaction to 
substituent effects.  With regard to the directionality of the pi bond, the radical-radical 
torsional potential energy surface is nearly flat, allowing radicals with sterically bulky 
groups the ability to rotate to a T-shaped orthogonal conformation without incurring a 
11 
 
 
significant energetic penalty.  In contrast, significant energetic penalties are incurred for 
distortions along the pi bonding axis, with large barriers for bond compression to make a 
variety of sigma bond stretch isomers, which are minima on the potential energy 
surfaces but not energetically accessible at equilibrium. 
 
2.1 Introduction 
The ability to design strong and selective self-assembling architectures in water 
remains a grand chemical challenge.  This problem is often made more difficult in water 
than organic solvents because the typical suite of Coulombic interactions used for 
assembling non-covalent complexes in organic solvents (e.g. ion-pi, ion-ion, ion-dipole, 
and dipole-dipole interactions, etc) have diminished strengths in bulk water compared to 
organic solvents.   In many cases, non-covalent complexes held tightly by Coulombic 
interactions in organic solvents dissociate in water. Tightly binding self-assemblies in 
water usually take advantage of the hydrophobic effect. Consequently, novel 
intermolecular interactions that are not attenuated by water are of great potential 
interest.   
Recently, the interaction between stable viologen cation radical species has 
generated excitement as a possible unexplored interaction that can be used in 
designing self-assembling structures in water.  Viologen cation radicals are a well-
known class of stable organic radicals that can be prepared simply via chemical or 
electrochemical reduction of readily accessible bipyridinium dications. 1-11 These stable 
radicals are known to engage in narcissistic self-sorting to form pi dimers, sometimes 
referred to whimsically as ‘pimers’.6,12-25   The nature of this radical-radical pi bond is 
mysterious, and there are no detailed investigations into the effect of the radical 
structure on the strength and nature of this pi bond. The potential for this interaction to 
make significant contributions to stabilizing a complex in water, yet be orthogonal to 
other types of interactions (e.g. H bonds), makes it particularly attractive for designing 
selective self-assembling complexes.  Furthermore, the ability to switch this interaction 
on and off using redox control, or to achieve changes in spin state with different stimuli, 
make this interaction potentially a versatile one for applications such as molecular data 
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storage systems,26 photochromic materials,27,28 molecular machines, electrochromic 
devices,29-34 spintronics, and organic spin crossover materials. 
 
2.2 Discussion 
In this paper, we report a joint experimental and computational investigation into 
the effect of the radical structure on the strength and nature of the radical pi bond.  To 
understand the effect of structure on the strength of this pi bond, we synthesized 
derivatives of the viologen cation radical with varying substituents and performed 
dilution binding studies using both EPR spectroscopy (following the free paramagnetic 
radical) and UV-Vis spectroscopy (following the EPR-silent pi dimer, which has a 
characteristic absorption band in the infrared). The strength of the pi bond is 
comparable in energy to other types of interactions that have been used to form self-
assemblies in water (e.g. H bonds, ion-ion, cation-pi, etc).  Remarkably, the strength of 
this interaction is also relatively insensitive to electron-donating or electron-withdrawing 
groups, and is undiminished by sterically bulky groups. To understand the nature and 
directionality of this pi bond, we performed computational studies that indicate that the 
potential energy surface for rotating the radicals is nearly flat, while having severe 
energetic penalties for distortion in the pi axes.  A multitude of sigma dimer isomers are 
found to be minima, but are not energetically accessible and have low-barriers for bond-
stretch isomerism to the pi dimer form.  These computations indicate that the pi bonding 
interaction is dominated by dispersion forces and some covalent character from overlap 
of the radical SOMOs with a directionality that depends mostly on the distance between 
the two radicals, rather than the torsional angle. 
 
2.3 Dilution binding studies 
We synthesized and performed binding studies with three major groups of 
viologen derivatives depicted in Figure 1: N,N’-di-substituted viologens (1-12), N,N’-di-
substituted core-substituted viologens (13-16), and N-mono-substituted viologens (17-
19). The first group was further sorted into three sub-groups for classification 
convenience: N,N’-dialkyl- (1-6), N,N’-hetero-disubstituted (7-11), and N,N’-diaryl-
substituted viologens (12a-d). The syntheses, purifications, and compound 
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characterizations are detailed in the Supporting Information.  To compare the strength of 
the pi interactions, association constants were determined for each radical cation by 
performing dilution binding studies in buffered water solutions at pH=7.0 and 9.6. 
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Figure 1. Library of viologen dications 1-19 we synthesized as precursors to the viologen cation radicals. 
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UV-Vis and EPR titrations rule out disproportionation reactions and sigma dimers.  
We determined the apparent association constants using both UV-Vis dilution studies 
(following the pi dimer, which has a characteristic absorption band in the IR where the 
free radical cation does not absorb), and electron paramagnetic resonance (EPR) 
spectroscopy, following the monomeric free radical (the pi dimer is a closed-shell /EPR-
silent species).  We used both methods since prior reports have postulated a 
hypothetical disproportionation reaction as an additional contributor to the radical—
dimer equilibrium, as well as possible sigma dimers.  If such sigma dimers or a 
disproportionation reaction were a significant contributor to the aqueous equilibrium, we 
would expect to obtain different apparent binding constants by following the EPR-active 
radical than obtaining the binding constants following the growth of the EPR-inactive pi 
dimer.  As can be seen in Table 1, no major or systematic differences can be seen in the 
apparent association constants between those determined by EPR or UV-Vis. 
Furthermore, as described later in the computational section, sigma dimers and the 
disproportionation products are computed to be significantly higher in energy than the pi 
dimer.  These experiments rule out major contributions to the room temperature 
aqueous equilibrium by these species 
 
Scheme 1. Considered viologen cation radical binding equilibria and hypothetical disproportionation 
reaction.  Computations (and EPR hyperfine coupling) indicate that the charge and spin of the viologen 
radical cation are delocalized over both rings (which are coplanar), but only one canonical structure is 
depicted for ease of notation. 
All of the binding constants reported in Table 1 are reported as the average value 
of three separate binding isotherms and fits. Except in cases where the radical was 
unstable to the pH conditions, each of the viologen compounds in Figure 1 were fit to 12 
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different binding isotherms (3 each for the UV-Vis and EPR experiments under the two 
different pH conditions).  Given the large number of such titrations involved in this study, 
only a few examples are shown in Figure 2 and Figure 3 (all are shown in the 
Supporting Information).  Isotherms were generated around the Kd. For the UV-Vis 
studies, in cases where the Kd was < 10-4 M, we used the lowest concentrations at 
which we could still detect a UV-Vis signal.  Sensitivity was not a problem in the EPR 
titrations as EPR is a much more sensitive technique than UV-Vis.  In all cases, the 
apparent Ka values determined by EPR and UV-Vis were in general agreement with 
each other.  Based on our data, the error in the association constants is < 25%.  
 
Table 1. Apparent association constants for 1-18 determined by UV-Vis spectroscopy and EPR 
spectroscopy in aqueous solution (298 K, average of 3 runs). 
 UV-Vis  EPR 
Compound Ka pH 7, 
M-1 
Ka pH 
9.6, M-1 
Ka pH 7, 
M-1 
Ka pH 
9.6, M-1 
1 1.3 * 103 4.9 * 102 1.2 * 103 4.8 * 102 
2 2.3 * 103 1.3 * 103 7.4 * 102 1.2 * 103 
3 5.0 * 103 1.1 * 103 2.3 * 102 4.2 * 102 
4 2.8 * 103 1.1 * 103 1.4 * 103 7.4 * 102 
5 6.0 * 104  1.8 * 104 3.1 * 103 1.9 * 103 
6* 1.7 * 104 N/A N/A N/A 
7* 1.2 * 103 N/A N/A N/A 
8* 2.2 * 103 N/A N/A N/A 
9* 3.4 * 103 N/A N/A N/A 
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Table 1 continued. 
10* 5.3 * 103 N/A N/A N/A 
11* 3.6 * 102 N/A N/A N/A 
12a* 9.0 * 102 N/A N/A N/A 
13 9.1 * 103  1.5 * 104 1.1 * 104 N/A 
14 1.8 * 104 5.8 * 103 2.0 * 103 N/A 
15 3.7 * 103 N/A 2.3 * 103 N/A 
16 1.5 * 102 3.2 * 103 N/A N/A 
17 3.9 * 101 4.2 * 101  N/A N/A 
18 2.9 * 101 1.0 * 102  N/A N/A 
*- poor solubility/stability of the formed radical. 
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Figure 2. Example of EPR spectra in pH 7 buffer solution for selected compounds (top) and their 
nonlinear fitting curve the dimer concentration vs total concentration of viologen derivative (bottom): (a) 
1,1’-Dimethyl-4,4’-bipyridinium diiodide 1 (100 - 4000 µM). (b) 1,1'-Bis(2-hydroxyethyl)-4,4’-bipyridinium 
diiodide 2 (100 - 4000 µM). (c) 1,1’-Diisopropyl-4,4’-bipyridinium diiodide 4 (100 - 4000 µM). (d) 1,1'-
Bis(carboxymethyl)-4,4’-bipyridinium dibromide 3 (100 - 4000 µM). 
 
Figure 3 shows the UV-Vis spectra of solutions of the reduced dications for 
representative viologen derivatives.  As can be seen in all spectra, at low concentrations 
only a band at ~600 nm, attributable to the monomeric radical, is observed, while at 
higher concentrations a broad absorbance in the infrared grows in that can be 
attributable to the absorbance of the pi dimer.  Because the pi dimer also absorbs at 
~600 nm, we chose to fit the growth of the pi dimer absorption to obtain the association 
constants since at this wavelength there is no overlap of the two species.  Our TD-DFT 
calculations of the absorption spectra of the pi dimer accurately reproduces the 
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observed absorption profile (computed λmax = 895, f=0.1485, TD-M06-2X/6-
311+G(2d,p); experimental λmax = 860 nm), with the near-IR band of the pi dimer 
computed to be an allowed π-π* transition occurring on both viologen cation radicals 
(pi-bonded HOMO to LUMO), which is not a charge transfer transition. 
 
Figure 3. UV-Vis absorption spectra (in pH 7 buffer solution): (a) 1,1’-Dimethyl-4,4’-bipyridinium diiodide 1 
(20 - 1000 µM). (b) 1-(4-Nitrophenyl)- 1'-methyl -4,4’-bipyridinium iodide/chloride 10 (50 - 600 µM). (c) 
1,1’-Dimethyl-2,2’-dichloro-4,4’-bipyridinium diiodide 13. (d) 1-(4-Methoxyphenyl)- 1'-methyl -4,4’-
bipyridinium iodide/chloride 8. (e) 1-(2,4-Dinitrophenyl)-1'-methyl -4,4’-bipyridinium iodide/chloride 11. (f) 
1,1’-Di-2,4-dinitrophenyl-4,4’-bipyridinium dichloride 12a. Inset: nonlinear fitting curve at maximum 
absorbance of the dimer vs total concentration of the solution. g) 100 μM solutions (pH 7) of  (left to right): 
1,1’-dimethyl-4,4’-bipyridinium radical cation 1; 1,1’-dibenzyl-4,4’-bipyridinium radical cation 6; 1-phenyl-
1'-methyl-4,4’-bipyridinium radical cation 9; 1,1’-di-2,4-dinitrophenyl-4,4’-bipyridinium radical cation 12a. 
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Among N,N’-dialkyl-substituted viologen derivatives (compounds 1-6, Figure 1) 
only 1,1'-bis(4-carboxybenzyl)-4,4’-bipyridinium dibromide 5 and 1,1’-dibenzyl-4,4’-
bipyridinium dibromide 6 have association constants that are significantly different than 
the rest of the radical cations, being an order of magnitude higher (~104 M-1). Given that 
the aryl group is not conjugated to the cation radical, this effect is most likely due to an 
added hydrophobic effect of the additional phenyl groups. Another unexpected result 
was that the radical cation of 4, despite its bulky isopropyl groups, has an association 
constant with a value similar to that of the radical cation of the dimethyl derivative of 1.  
Both have association constants of ~103 M-1. Our computational studies, described 
below, indicate that there is almost no energetic penalty for torsional rotation around the 
pi axis.  Thus the radical cation dimer of 4 can adopt a geometry with a perpendicular 
(or highly canted) dihedral angle about the four central ring-connecting biaryl carbons 
with a negligible energetic penalty.  
We also tested how extension of the system conjugation changes the radical 
interaction. Both one aryl group 7-11 and two aryl group derivatives (12a-d) were 
attached to the viologen core, containing both donating and withdrawing groups. 
However, both N,N’-hetero-substituted viologens (compounds 7-11, Figure 1) and N,N’-
diaryl-substituted viologen (compound 12a, Figure 1) did not significantly alter the 
binding affinities. Moreover, for 1-(4-nitrophenyl)- 1'-methyl -4,4’-bipyridinium 
iodide/chloride 10 and 1,1’-di-2,4-dinitrophenyl-4,4’-bipyridinium dichloride 12a 
association constants have even lower values than for dialkyl substituted derivatives 
indicating a slight decrease of binding affinity. Perhaps this slight decrease in affinity can 
be attributed to a delocalization of spin density, leading to slightly smaller covalent 
overlap of the two radicals. 
 
2.4 Do viologen cation radicals engage in narcissistic or social self-sorting?   
We also investigated if we can alter the pi bond energy by using different 
radicals.  That is, do viologen cation radicals prefer to bind to themselves or to different 
cation radicals?  We considered the possibility that social self-sorting would be 
preferred between electron rich and electron poor viologen cation radicals via a donor-
acceptor interaction.  To test this hypothesis, we mixed equal amounts of hetero-
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substituted viologens with EDG 1-(4-methoxyphenyl)-1’-methyl-4,4’-bipyridinium 
iodide/chloride (8) and EWG 1-(4-nitrophenyl)-1’-methyl-4,4’-bipyridinium iodide/chloride 
(10) (at pH 7), where these groups are connected to bipyridinium nitrogen through a 
phenyl ring.  Individual solutions of the same concentration have association constant 
value of 2.2 × 103 M-1 and 5.3 × 103 M-1 for compound 8 and 10, respectively. However, 
fits of the binding isotherm for the mixed species was the average value (3.7 × 103 M-1) 
of the binding constant for the self-association, indicating that the different radicals show 
no energetic preference to engage in social self-sorting.  Either the cation radicals 
prefer narcissistic self-sorting, or they have no preference.  Thus, not only do 
substituents not change the self-association values, but they do not appear to effect 
social self-sorting. 
N,N’-di-substituted core-substituted viologens (compound 13-16, Figure 1) were 
investigated. The highest association constant was found for sulfur-containing 
substituents on viologen core such as 1,1’-dimethyl-2,2’-bis(methylthio)-4,4’-
bipyridinium diiodide 14 and 1,1'-dimethyl-2,2'-bis(phenylthio)- 4,4’-bipyridinium diiodide 
15. The addition of these electron-donating groups did not significantly change the 
association constants.  A different type of derivative, 3,8-Dimethyl-3,8-phenanthrolinium 
diiodide 16, having an extended core structure, also did not show any major differences 
in self-association in comparison to the dialkyl substituted viologens. 
 
2.5 Problematic radicals  
Not all of the radicals were well-behaved.  We found that hetero-substituted 
viologen radicals as well as diaryl viologen radicals are stable in pH=7 buffer, but are 
prone to degradation under basic pH 9.6 conditions.   In contrast, dialkyl viologen 
derivatives did not show any differences in stability upon change in pH conditions. 
Further, the diaryl-substituted viologens have poor solubility in water upon reduction 
even at low concentrations in pH 7 buffer solution. Additionally, these diaryl derivatives 
are sensitive to the amount of sodium dithionite added, as adding excess sodium 
dithionite leads to over-reduction to the water-insoluble tan neutral species (the radical 
cations and their pimers are usually green, blue, or purple; see Figure 3). All other 
compounds are unaffected by adding excess reducing agent, as no change in the UV-
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Vis spectra occurs by adding up to 50 eq. of excess sodium dithionite.  The only diaryl 
viologen compound that had sufficient solubility for studies was 1,1’-di-2,4-dinitrophenyl-
4,4’-bipyridinium dichloride (compound 12a, Figure 1). All other diaryl substituted 
viologens (1,1’-di-4-bromophenyl-4,4’-bipyridinium dichloride, 1,1’-di-4-methoxyphenyl-
4,4’-bipyridinium dichloride) that we synthesized precipitated upon reduction at even low 
concentrations. Thus, we did not pursue additional diaryl substituted derivatives.  The 
dichloro-substituted derivative, 13, is unstable in solution even prior to being reduced. 
The mono-substituted bipyridinium ions 17-19 show complex behavior upon 
reduction.  Titration of the reduced forms of the N-mono-substituted 4,4-bipyridine 
monocations (compounds 17 and 18, Figure 1), unlike the reduction of the dications, 
showed significantly diminished apparent association constants by UV-Vis dilution 
titrations (apparent Ka~101-102 M-1). However, while we can observe the pi dimers at 
high concentrations by UV-Vis, these solutions did not show any signal by EPR at any 
concentration between 1-100 mM.  The most likely explanation for this behavior is that 
these radicals, being derived from reduction of the monocation and therefore being 
potentially uncharged, form an equilibrium with sigma dimers (or some other closed-
shell species). Protonation of the unsubstituted nitrogen under the aqueous conditions 
is likely, as solutions of these radicals in rigorously dried DMSO show an EPR signal, 
but upon adding a few microliters of H2O, exhibit a color change from blue to green and 
disappearance of the EPR signal. Due to the complexity of these species that includes 
multiple possible pathways such as disproportionation, possible protonation of 
unsubstituted nitrogen on 4,4’-bipyridine core, and potential formation of sigma dimers, 
we did not pursue further investigation of mono-substituted bipyridines, and merely note 
that their behavior is qualitatively different from the disubstituted viologen cation 
radicals.  
 
2.6 Computational studies of the binding energies and potential energy surfaces 
and nature of the pimer interaction 
To further investigate intermolecular interactions of the reduced viologen 
computational studies were preformed using broken-symmetry density functional theory 
and an universal solvation model (see SI for details). After optimizing the structure of the 
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triplet and singlet diradical dications we evaluated the energies of the two and found the 
singlet form to be favored over the triplet (Figure 4). 
To further understand the nature and importance of the non-canonical Lewis 
bonding, the dispersion forces and hyperconjugation, theoretical methods including 
Grimme and coworkers’ explicit dispersion methods, B3LYP-D3, B97D3, and B97D, 
along with Wienhold and coworkers’ NBO analyses were carried out.  The NBO analysis 
for the dimerization of structure 1, predicts a bonding energy of 5.0 kcal/mol resulting 
from hyperconjugation of filled orbitals of one monomer overlapping with unfilled orbitals 
of the other monomer. Furthermore comparing the computed dimerization energies of 
B98 with B97D, the same functional with dispersion effects included explicitly, suggests 
the dominant bonding in the dimer is this dispersion energy, see Figure 5. 
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Figure 4. (a) Relaxed scan of the torsional potential surface of methyl viologen radical cation, 1, 
(B97D/6-31+G(d,p), SMD aqueous solvation).  Minima can be seen at parallel, canted, and perpendicular 
geometries. (b) HOMO and (c) LUMO density shown for the optimized structure of 1 
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Figure 5. Relaxed scans of the sigma dimerization computed with B97D/6-31+G(d,p) in the SMD 
aqueous model. 
 
 
 
Figure 6. Absolute deviations from the averaged experimental binding energies determined via UV-Vis 
and EPR at pH 7 and pH 9.6 (4.0 kcal/mol) for 1 computed at various levels of theory. 
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2.7 Experimental methods 
Determination of Association Constants by UV-Vis Spectrsocopy. UV-Vis studies 
were conducted in buffer solutions (pH=9.6 and pH=7), as prior reports include both 
conditions for viologen radical studies. 16,1736-38 All the compounds were reduced by the 
addition of sodium dithionite in degassed aqueous solution (Figure 3a) and exhibited 
solution color change from clear to blue, violet, or green depending on the compound 
(Figure 4). UV-Vis spectra were recorded at different concentrations. For all compounds, 
two regions of absorption were observed in the UV-vis spectra. A weaker absorption 
band above 800 nm is associated with the viologen dimer species, while a set of bands 
around 600 nm is associated with absorptions of both the monomer and the 
dimer.18,39,40 For the UV-Vis dilution experiments, the maximum absorption band for the 
dimer (~800-1200 nm) was fitted to a nonlinear self-binding equation16,35 which uses a 
Levenberg Marqardt algorithm to calculate apparent association constants and are 
summarized in Table 1.  UV-Vis and EPR dilution binding studies were conducted in two 
different buffer solutions (pH=9.6 and pH=7), as both conditions are common for 
generating viologen radicals in water.16,17,36-38   
Determination of Association Constants by EPR Spectroscopy. Determination of 
the association constants by EPR spectroscopy was achieved by plotting the 
concentration of radical species (available via double integration of the EPR signal) 
versus the total concentration of viologen added and fitting the obtained isotherm to a 
non-linear self-binding curve in the same manner as described above for the UV-Vis 
studies (Figure 2). Compounds 1-6 generate very robust and stable radicals, for which 
EPR dilution studies could be used to determine an apparent association constant. 
Radicals from compounds 7-12 are less robust, especially at pH 9.6 aqueous solution, 
and are sensitive to the amount of added reducing agent.  We obtained association 
constants for these radical ions using UV-Vis experiments, but were not confident in the 
values determined by EPR due to the longer time delay between preparing the radical 
and obtaining the EPR spectrum.  The diaryl viologens, with the exception of 12, were 
extremely unstable to over-reduction to EPR-silent neutral species.  
Computational Methods.  All structures were optimized in the SMD aqueous 
solvation model with a variety of methods and basis sets as implemented in the 
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Gaussian09 program. Following the work of Schreiner and coworkers, several 
theoretical methods, BLYP, B3LYP, PBE1PBE, B3P86, B98, B98XD, as well as 
methods using Grimme and coworkers dispersion methods included explicitly, B3LYP-
D3, B97D3, and B97D are used with Pople’s 6-31+G(d,p) basis set or Dunning’s 
correlation-consistent cc-pVDZ basis set. The Natural Bond Order analysis, version 3.0, 
of Weinhold and coworkers was used as implemented in Gaussian09.  
In conclusion, we have systematically investigated the influence of different types 
of substituents at identical conditions on viologen pi-pi-interactions. This work brings to 
light and answers an important question about dimerization process. The nature and the 
strength of the π-interactions originate from the major core compound that creates 
radical species and a quite robust characteristic feature for a given structure. Using 
different substituents we can manipulate the association constant within two order of 
magnitude range. Both UV-Vis and EPR experiments are in agreement with the 
obtained results and suggest that the highest association constants were observed for 
compounds with benzyl-substituents connected to nitrogen and sulfur-containing 
substituents on viologen core. Overall, even the nature of the pi-pi interactions is 
intrinsically weak the dimerization strength and radical stability still can be affected to 
some degree by electronic effects of substituents as well as by structural factors of the 
radical environment. 
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CHAPTER 3. AN ORGANIC SPIN CROSSOVER MATERIAL IN WATER 
FROM A COVALENTLY-LINKED RADICAL DYAD 
Taken in part from a paper published in The Journal of Organic Chemistry 
Margarita R. Geraskina, Alexander T. Buck, Arthur H. Winter*, J. Org. Chem. 2014, 79, 
7723−7727 
 
Abstract 
A covalently-linked viologen radical cation dyad acts as a reversible 
thermomagnetic switch in water.  Cycling between diamagnetic and paramagnetic forms 
by heating and cooling is accompanied by changes in optical and magnetic properties 
with high radical fidelity.  Thermomagnetic switches in water may eventually find use as 
novel biological thermometers and in temperature-responsive organic materials where 
the changes in properties originate from a change in electronic spin configuration rather 
than a change in structure.   
 
3.1 Introduction 
Changes in molecular spin states of a compound are often associated with large 
changes in chemical properties,1-3  including changes in color,4-6  infrared absorption 
and emission,7,8 luminescence,9-13 crystallinity,14,15 and magnetism.16-20  While spin 
control is a property normally associated with transition metals and organometallic 
complexes (e.g. ‘spin-crossover’ materials),21 it is not typically considered for stable 
organic structures. Some isolated attempts have been made to control spin in organic 
small molecules,22-26 including organic spin switching in the solid-state,27-29  
supramolecular organic radical complexes with switchable properties,30-35 and 
photochromic organic materials make use of transient spin switching using light as a 
stimulus.36-39 Further, [n.n] Quinquethiophenophanes and α,ω-
bis(quinquethienyl)alkanes have also been studied as π-dimer models.40,41 More 
relevant to this study, some intriguing recent reports have also shown that vinyl-linked 
trityl-thiafullvene radicals can form intermolecular dimers42  that can switch spin with 
temperature changes in organic solution,43 or via reversible encapsulation in the cavity 
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of a macrocyclic host to stabilize π-dimer form,44 but a more general strategy for 
designing organic molecules with stimuli-switchable spin states would be desirable, 
particularly if this switching is achievable in water to allow for biological applications. 
Such spin-switchable organic molecules have a number of possible intriguing 
applications.1,45-49  Given the changes in properties that are known to accompany 
switching of electronic spin states in transition metals and metallic complexes,50 it is an 
exciting possibility to consider that soft organic materials  incorporating spin-switchable 
building blocks51,52 could find use as responsive polymers with large changes in 
physical properties in response to environmental cues that modulate the molecular spin 
state of the building blocks. From a biological applications perspective, spin-switchable 
organic structures could lead to useful switch-on magnetic resonance probes.  For such 
biological applications, it is also necessary for these spin-switchable systems to be 
compatible with water and be concentration independent.  For example, viologen radical 
cations are known to be in equilibrium with their dimer forms in water.53 
A recent study from our lab54 demonstrated that a linked viologen dication 
diradical could be switched reversibly between diamagnetic (spin paired) and 
paramagnetic (spin unpaired) forms in solution at room temperature via cycling with 
externally added non-covalent chemical stimuli, providing proof of concept for this idea. 
The advantage of a covalently linked diradical dyad system is that the extent of 
intramolecular dimerization is independent of substrate concentration and can exist 
even in dilute media.  In contrast, weak intermolecular dimers dissociate upon dilution.  
The covalently-linked radical cation dyad 2a forms an intramolecular pi-stacked dimer 
(“pimer”), that leads to pairing of the two radical spins.  In this study, we demonstrate 
that the equilibrium between diamagnetic dimer and paramagnetic diradical form of this 
intramolecularly dimerized diradical 2 can be switched as a function of temperature in 
water, providing a thermomagnetic switch with changes in magnetic and optical 
properties.  
 
3.2 Discussion 
Propyl-tethered bis(viologen) dication diradical species 2a was generated in situ 
by two-electron reduction of the bis(viologen) tetracation 1 in aqueous solution using 
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sodium dithionite as a reducing agent (Figure 1b).55 While the diamagnetic dimer is 
favored at room temperature (with a small thermal population of paramagnetic form) we 
wanted test whether we could manipulate the equilibrium towards the paramagnetic 
form by increasing the temperature. 
 
 
Figure 1: a) Schematic demonstrating reversible thermomagnetic switching from diamagnetic diradical 
dication pimer 2a to paramagnetic diradical dication 2b in water. b) Reduction of propyl-linked 
bis(viologen) tetracation 1 to diradical dication 2a using sodium dithionite. 
 
To test whether we could push the equilibrium towards the paramagnetic form by 
increasing the temperature, variable temperature EPR studies were performed.  At low 
temperatures, a small EPR signal is observed from the diamagnetic dimer 2a from a 
small thermal population of the paramagnetic form, 2b.  Elevating the temperature from 
5 °C to 25 °C leads to an increase in the EPR signal, and a further increase is seen 
upon elevating the temperature to 90 °C (see Figure 2). 
 
 
Figure 2: EPR spectra of 2 mM aqueous solution of 2a in buffer at 5, 25, and 90 °C. Inset: three 
subsequent cycles at 25 °C and 90 °C are shown. 
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We attribute this increase in EPR signal intensity to an increasing population of 
the paramagnetic form 2b. Furthermore, EPR studies for multiple subsequent 
temperature cycles show that this thermomagnetic switching is reversible.  Alternating 
between high and low temperatures leads to increases in the spin concentration and 
return to the initial spin concentration, respectively.  See inset in Figure 2.  Remarkably, 
we did not observe any major deterioration of the EPR signal upon temperature cycling, 
suggesting that the diradical 2 is fairly robust to temperature changes (Figure 2). 
 
 
Figure 3: a) EPR spectra of 1 mM DMSO solution of 2a at 30-130 °C temperature range; b) Spin 
concentration of 1 mM DMSO solution of 2a at 30-130 °C temperature range.  
 
Variable temperature EPR studies were also performed in DMSO as a 
supplementary data set for wider range of temperatures (up to 130 °C, Figure 3). The 
studies demonstrate that the established trend continues over 100 °C (limit for water 
solution temperature range) with further increase in the spin concentration.. 
We also monitored the changes in the optical properties of 2a upon temperature 
cycling.  UV-Vis spectra of the aqueous solution of 2a were taken in the 5-95 °C range 
(Figure 4).  Upon heating 2 from 5 °C to 90 °C we observe a decrease in the absorption 
intensities for the bands at 535 nm and 837 nm. A new band grows in at 958 nm, 
attributed to the paramagnetic diradical form. This band at 958 nm was partially 
overlapped with a shoulder of the more intense absorption at 837 nm.   
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Figure 4: a) UV-Vis spectra of 100 µM aqueous solution of 2a in buffer at 5, 20, 40, 60, 80, and 90 °C; b) 
Color changes of the solution at 5 °C (dark fuchsia) and 90 °C (pink); c) UV-Vis spectra of 20 µM aqueous 
solution of 2a in buffer at 5, 15, 25, 35, 45, 55, and 65 °C; d) Reversibility studies of 100 µM solution of 2a 
in buffer. Four sequential heating and cooling cycles for one sample are shown: 837 nm (black line) and 
958 nm (red line). 
 
Like with the EPR studies described above, cycling between 2a and 2b can be 
followed by UV-Vis spectroscopy (Figure 4, inset). A sample of 2a was heated and 
cooled sequentially within a cuvette between 5-65 °C. The band at 837 nm was 
associated with diamagnetic pimer and the band at 958 nm indicates the presence of 
paramagnetic diradical. These bands exhibit reversible behavior and are opposite to 
each other in the direction of the absorbance change upon temperature cycling. 
Because the optical changes upon increasing the population of the diradical form 
involves loss of the visible bands and growth of a new band at 958 nm (outside of the 
visible wavelengths), the color change of the solution is mostly observed as a lightening 
from a dark fuchsia to pink upon heating (Figure 4, inset).  
A practical difficulty should be noted: At elevated temperatures (>70 °C), it is 
difficult to avoid formation of bubbles in the cuvette.  An isosbestic point is clearly seen 
between the dimer absorption band at 837 nm and the diradical absorption at 958 nm 
when the temperature is raised in small increments up to 65 °C (See Figure 4c), 
indicating a clean dimer to diradical transition, but this isosbestic point is obscured in 
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Figure 4a when we raise the temperature up to 90 °C, due to bubble-induced light 
scattering at the higher temperatures. Therefore, additional experiments have been 
done under similar conditions in pure DMSO where isosbestic points can be clearly 
seen at elevated temperatures.  
 
3.3 Conclusion 
In conclusion, both UV-Vis and EPR experiments indicate that the diamagnetic 
pimer/paramagnetic diradical equilibrium can be manipulated reversibly in aqueous 
solution by changing the temperature, leading to changes in magnetic and optical 
properties of an organic species 2.  Stimuli-responsive polymers may permit synthetic 
materials that change their properties in response to temperature changes.  The 
possibility of achieving the responsive changes in physical properties by changes in the 
quantum mechanical property of the electron spin of a material is an intriguing one.  
Additionally, spin-switchable organic species may find use as switch-on magnetic 
resonance biological probes.  We look forward to exploring these possibilities in future 
work. 
 
3.4 Experimental section 
1,1’’-(propane-1,3-diyl)bis(([4,4’-bipyridin]-1-ium)) iodide  and 1’,1’’’-(propane-1,3-
diyl)bis(1-methyl-[4,4’-bipyridine]-1,1’-dium) iodide 1 were synthesized from a 
modification of a known method56 that we previously reported.54 
 
3.5 UV-Vis thermomagnetic cycling experiments 
Preparation of propyl-linked bis(viologen) dication diradical 2a. A modified 
chemical reduction of Komers was used to prepare dication diradical 2a.57 Propyl-linked 
bis(viologen) tetracation 1 (0.9 mg) was dissolved in 10 mL of pH 9.6 water (0.045 M 
NaHCO3/0.009 M NaOH buffer) giving a 100 µM solution. This solution was purged with 
argon gas in a round bottom flask fitted with a rubber septa and a cannula needle as an 
out needle for about 50 minutes. Sodium dithionite was weighed (1.3 mg, 0.007 mmol) 
and placed into a quartz cuvette (1 cm path length) in a glove box followed by sealing 
the cuvette with a rubber septa before removing it from the glove box. Degassed 100 
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µM solution (about 2.5 mL) was cannulated into the sealed quartz cuvette with sodium 
dithionite to prepare the aqueous solution of dication diradical 2a. UV-Vis scans of 
propyl-linked bis(viologen) dication diradical 2a water solution were taken at 5 °C and 
65 °C using a calibrated UV-Vis temperature controller for 5 sequential cycles of heating 
from 5 °C to 65 °C followed by cooling from 65 °C to 5 °C.  Moreover, a separate 
experiment was performed to take UV-Vis scans at different temperatures in 5-95 °C 
range with an interval of 5 °C.  This procedure was repeated for 20-100 µM solution 
range concentrations as these concentrations allowed to obtain appropriate absorbance 
range. 
 
3.6 EPR thermomagnetic cycling experiments 
The EPR parameters for all experiments are as follows: Modulation Frequency = 
100 kHz, Modulation Amplitude = 1.0 G, Receiver Gain = 50 dB, time constant = .16 ms, 
conversion time = 20.48 ms, sweep time = 83.89 s, center field = 3335 G, sweep width 
= 70.0 G, microwave attenuation = 20 dB, microwave power = 1.990 mW, number of 
points = 4096, and number of averaged scans = 8. 
The 2 mM solution of propyl-linked bis(viologen) tetracation 1 in pH = 9.6 water 
(0.045 M NaHCO3/0.009 M NaOH buffer) was degassed using sparging.  Meanwhile, 
the sodium dithionite (2.2 mg) was retrieved from a glove box and sealed in a round-
bottomed flask to maintain an inert atmosphere.  After sparging, the 2 mM analyte 
solution was cannulated into the round-bottom flask containing the sodium dithionite.  
Finally the reduced analyte solution was cannulated into a custom made EPR tube, 
3mm ID/4mm OD top and ~30mm of 1mm ID/2mm OD bottom, capped by a septum.  
The solution was then cycled in the EPR instrument using a nitrogen flow to maintain 
the heat.  The spin concentration was calculated via double integration. 
Temperature switching of 1 mM solution of dication diradical 2a in pure DMSO was 
done in the same manner as the aqueous solution. 
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CHAPTER 4. ACCESS TO ARYL MELLITIC ACID ESTERS THROUGH A 
SURPRISING OXIDATIVE ESTERIFICATION REACTION 
Taken in part from a paper published in The Journal of Organic Chemistry 
Margarita R. Geraskina, Mark J. Juetten, Arthur H. Winter*, J. Org. Chem. 2014, 79, 
5334−5337 
 
Abstract 
A covalently-linked viologen radical cation dyad acts as a reversible 
thermomagnetic switch in water.  Cycling between diamagnetic and paramagnetic forms 
by heating and cooling is accompanied by changes in optical and magnetic properties 
with high radical fidelity.  Thermomagnetic switches in water may eventually find use as 
novel biological thermometers and in temperature-responsive organic materials where 
the changes in properties originate from a change in electronic spin configuration rather 
than a change in structure. A serendipitously discovered oxidative esterification reaction 
of cyclohexane hexacarboxylic acid with phosphorus pentachloride and phenols 
provides one-pot access to previously unknown aryl mellitic acid esters. The reaction 
features a solvent-free digestion and chromatography-free purifications and 
demonstrates the possibility of cyclohexane-to-benzene conversions under relatively 
mild, metal-free conditions.   
 
4.1 Introduction 
Numerous synthetic methods are known to make alkyl esters of mellitic acid,1-5 
but aryl esters of mellitic acid have not been reported to date. We are interested in aryl 
esters of mellitic acid because of their possible use as scaffolds for fast-releasing 
domino self-immolative linkers,6 but they are also structurally interesting paddlewheel 
motifs that may find use as the cores of hexagonally branched dendrimers. Additionally, 
some hindered mellitic acid esters are of interest for their anomalous fluorescence 
behavior.7 Perhaps unsurprisingly given the absence of all methods to prepare these 
structures in the literature, all our attempts to prepare aryl mellitic acid esters via its acid 
chloride or through direct esterification of mellitic acid with standard coupling reagents 
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(DCC/DMAP, PyBOP, CDI, etc.) were unsuccessful. In contrast, alkyl esters of mellitic 
acid can be made easily through these methods. The sterically hindered nature of these 
aryl esters may explain why they are difficult to prepare via direct methods. 
 
4.2 Discussion  
Fortunately, we serendipitously discovered a surprising oxidative esterification 
reaction by digesting all-cis-1,2,3,4,5,6-cyclohexanehexacarboxylic acid with 
phosphorus pentachloride and phenols that leads to the ring-oxidized aryl mellitic acid 
esters in one pot. The aryl esters can be purified through washing procedures, avoiding 
chromatography. The reaction optimization, which was performed using p- 
methoxyphenol, included variation of following parameters: equivalents of PCl5, 
temperature, and time for each reaction step (Table 1). It was found that 12 equiv of 
PCl5 (2 equiv. per acid moiety) results in the best yield for solvent-free digestion at 130 
°C. Addition of pyridine in the final step was used in all cases except for the synthesis of 
mellitic acid, where addition of water led to product in the absence of pyridine.  
Table 1. Optimization of reaction conditions. 
 
The reactions to prepare the aryl mellitic acid esters are one-pot, solvent-free 
reactions that can be performed under air and give products that can be purified by 
washing procedures to free the aryl mellitic acid esters from byproducts (typically 
P(OAr)3) and pyridine).  
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 As can be seen in Scheme 1, 
the reaction can tolerate both electron-
rich phenols (e.g., p-methoxy phenol, 
alkyl phenols) as well as some 
electron-poor phenols (halophenols, 
cyanophenol) with some exceptions. 
Using our standard conditions, 4-
nitrophenol, 2,2′-bisphenol, 4-
phenylphenol, 4- acetamidophenol, 4-
tert-butylphenol, and 1- and 2-
naphthol failed to yield the 
corresponding mellitic acid ester in 
significant quantities. Additionally, it 
was possible to use alkyl alcohols 
instead of phenols, but we observed 
some conversion of the alcohols to the 
alkyl chlorides during the PCl5 
digestion step and the alkyl esters of 
mellitic acid are difficult to separate 
from the P(OR)3 byproduct. Given that 
there are numerous methods to make 
alkyl esters of mellitic acid via 
standard procedures, we did not 
pursue these oxidative alkyl 
esterification reactions further. 
Further, we note that reaction with 
water instead of a phenol led to 
mellitic acid as an inseparable mixture 
with phosphoric acid. Thus, the mellitic 
acid was converted to its methyl ester 
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to determine the reaction yield in this one case (see the Supporting Information for 
details). 
Scheme 2. Plausible mechanism of oxidative esterification reaction. 
 
Mechanistic considerations. A few additional experiments shed some light on the 
mechanism of this remarkable oxidative esterification reaction. First, the reaction 
appears to be specific to the 1,2,3,4,5,6-cyclohexanehexacarboxylic acid scaffold. 
Subjecting 1,3,5-cyclohexanetricarboxylic acid (all-cis) and 1,2-cyclohexanedicarboxylic 
acid (both cis and trans) leads to typical esterification with no oxidation of the 
cyclohexane ring to benzene. Second, given that addition of phenols to the acid chloride 
of mellitic acid leads to no esterification, it is likely that esterification occurs prior to ring 
oxidation. In contrast, esterification of the acid chloride of 1,2,3,4,5,6-
cyclohexanehexacarboxylic acid with phenols proceeds to give the cyclohexane 
hexaester in normal fashion, possibly due to a more flexible cyclohexane ring leading to 
less steric hindrance between the aryl esters. Finally, subjecting the hexaaryl ester of 
1,2,3,4,5,6- cyclohexanehexacarboxylic acid to the reaction conditions leads to 
oxidation of the cyclohexane to the benzene ring, lending support to the possibility of 
esterification followed by oxidation. Additionally, the mechanism is indifferent to the 
stereochemistry of the starting material. Reacting the all-trans-1,2,3,4,5,6-
cyclohexanehexacarboxylic acid leads to essentially identical yields as the all-cis 
stereoisomer (although the all-cis stereoisomer is available commercially, leading to our 
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preference to using that stereoisomer as the starting material). As to the oxidation 
mechanism itself, one possibility is that it follows an α chlorination/elimination 
mechanism. PCl5 is known to be in an equilibrium with PCl3 and Cl2 at elevated 
temperatures,8 so Cl2 may play a role in the oxidation process. It may be the case that 
the contiguous adjacent acid groups in the starting material allow for milder α 
chlorination. We tested the importance of Cl2 in the oxidation by performing the same 
reaction with PCl3 (which lacks the ability to form Cl2) and obtained esterified product 
that was not ring oxidized. This experiment implicates Cl2 as the likely oxidant in this 
reaction. Isolated yields are not affected by running the reaction under air or argon, 
suggesting molecular oxygen is not playing a role in the oxidation mechanism. We also 
considered that pyridine might play a role in the oxidation mechanism (e.g., by forming 
N-chloropyridinium), but given that mellitic acid can be formed by addition of water 
instead of a phenol without adding pyridine, this possibility seems to be less likely. 
Additionally, without pyridine we obtain the product esters, albeit in somewhat 
diminished yields. The combination of these experiments led us to suggest the 
mechanism shown in Scheme 2. Although we were unable to obtain X-ray quality 
crystals of the esters, density functional theory computations (B3LYP/6-31G(d)) on 2 
suggest the phenyl rings adopt an interesting paddlewheel-like structure to minimize 
strain. See Figure 1.  
 
4.3 Conclusion  
We have developed a simple procedure to access previously unknown aryl 
mellitic acid esters via a novel oxidative esterification reaction. This approach has 
obvious synthetic advantages as the reaction is carried out via a solvent-free, one-pot 
digestion and has a washing workup that avoids chromatography. This reaction is novel 
because oxidations of cyclohexane rings to benzene typically require high temperatures 
in excess of 200 °C and a metal catalyst, whereas this reaction is performed in the 
absence of metal and at comparatively low temperatures. Aryl mellitic acid esters may 
prove to be useful in domino self-immolative linkers or as the cores of structurally 
interesting dendrimers. 
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4.4 Experimental Section 
General procedure. Aryl mellitic acid esters were prepared by using PCl5 (1.794 
g, 8.6 mmol) and 1,2,3,4,5,6-cyclohexanehexacarboxylic acid (0.250 g, 0.7 mmol). This 
mixture was digested for 1 h at 130 °C. Various phenols were then added in excess to 
the reaction mixture, which was heated at the same temperature for 4 h followed by 
addition of pyridine (3 mL). The reaction mixture was allowed to continue refluxing for 2 
h. Pyridine was distilled off, and the product was filtered and washed with cold methanol 
or acetone. The target product was characterized by 1H NMR, 13C NMR, and HRMS. 
 
Mellitic Acid (1). PCl5 (1.794 g, 8.6 mmol) was added to 1,2,3,4,5,6-
cyclohexanehexacarboxylic acid (0.250 g, 0.7 mmol) and digested for 1 h at 130 °C. 
Then water (10 mL) was added to the reaction mixture, which was heated at the same 
temperature for 4 h. Water was removed using a rotary evaporator, leaving a white solid 
in the flask that contained mellitic acid and phosphoric acid byproduct, which made 
purification and yield determination difficult. To find the percent yield, the mellitic 
acid/byproduct mixture was derivatized by esterification to methyl ester of mellitic acid 
using a known procedure9 which has a yield of 81% (verified independently by us). The 
yield from starting material to the mellitic acid methyl ester was 0.291g (54%). From 
this, we could determine that the reaction to form mellitic acid 1 affords 0.162 g (66%). 
13C NMR (150 MHz): δ (ppm) 169.3, 133.7. 
 
Mellitic Acid Hexaphenyl Ester (2). PCl5 (1.794 g, 8.6 mmol) was added to 
1,2,3,4,5,6-cyclohexanehexacarboxylic acid (0.250 g, 0.7 mmol) and digested for 1 h at 
130 °C. Then, phenol (2.703 g, 28.7 mmol) was added to reaction mixture, which was 
heated at the same temperature for 4 h followed by addition of pyridine (3 mL). The 
reaction mixture was allowed to continue refluxing for 2 h. Pyridine was distilled off, the 
reaction mixture was filtered, and the solid product was washed with cold methanol to 
afford 0.341 g (60%) of the product as a yellow amorphous solid. Mp: 230.5−231.5 °C. 
1H NMR (600 MHz): δ (ppm) 7.35 (t, J = 7.0 Hz, 2H), 7.28 (t, J = 7.0 Hz, 1H), 7.14 (d, J 
= 8.0 Hz, 2H). 13C NMR (150 MHz): δ (ppm) 163.2, 150.4, 134.5, 129.8, 127.0, 121.4. 
HRMS (ESI) m/z: [M + H2O]+ calcd for C48H32O13 816.1843, found 816.2109. 
49 
 
 
 
Mellitic Acid Hexa(4-methylphenyl) Ester (3). PCl5 (1.794 g, 8.6 mmol) was 
added to 1,2,3,4,5,6-cyclohexanehexacarboxylic acid (0.250 g, 0.7 mmol) and digested 
for 1 h at 130 °C. Then 4-methylphenol (p-cresol, 3.105 g, 28.7 mmol) was added to 
reaction mixture, which as heated at the same temperature for 4 h followed by addition 
of pyridine (3 mL). The reaction mixture was refluxed for 2 h. Pyridine was distilled off, 
and the reaction mixture was filtered and solid product was washed with cold methanol 
to afford 0.429 g (67%) of the product as a white amorphous solid. Mp: 248.0−249.0 °C. 
1H NMR (600 MHz): δ (ppm) 7.14 (d, J = 8.0 Hz, 2H), 7.02 (d, J = 9.0 Hz, 2H), 2.35 (s, 
3H). 13C NMR (150 MHz): δ (ppm) 163.5, 148.2, 136.6, 134.5, 130.3, 121.1, 21.1. 
HRMS (ESI) m/z: [M + Na]+ calcd for C54H42NaO12 905.2574, found 905.2526. 
 
Mellitic Acid (Hexa-4-ethylphenyl) Ester (4). PCl5 (1.794 g, 8.6 mmol) was 
added to 1,2,3,4,5,6-cyclohexanehexacarboxylic acid (0.250 g, 0.7 mmol) and digested 
for 1 h at 130 °C. Then 4-ethylphenol (3.508 g, 28.7 mmol) was added to reaction 
mixture, which was heated at the same temperature for 4 h followed by addition of 
pyridine (3 mL). The reaction mixture was refluxed for 2 h. Pyridine was distilled off, the 
reaction mixture was filtered, and solid product was washed with cold methanol to afford 
0.435 g (63%) of the product as a beige amorphous solid. Mp: 189.0−190.0 °C. 1H NMR 
(600 MHz): δ (ppm) 7.16 (d, J = 8.5 Hz, 2H), 7.05 (d, J = 8.5 Hz, 2H), 2.65 (q, J = 8.0 
Hz, 2H), 1.24 (t, J = 8.0 Hz, 3H). 13C NMR (150 MHz): δ (ppm) 163.4, 148.4, 142.9, 
134.5, 129.1, 121.1, 28.5, 15.7. HRMS (ESI) m/z: [M + Na]+ calcd for C60H54NaO12 
989.3513, found 989.3520. 
 
Mellitic Acid (Hexa-4-isopropylphenyl) Ester (5). PCl5 (1.794 g, 8.6 mmol) was 
added to 1,2,3,4,5,6-cyclohexanehexacarboxylic acid (0.250 g, 0.7 mmol) and digested 
for 1 h at 130 °C. Then 4-isopropylphenol (3.911 g, 28.7 mmol) was added to reaction 
mixture, which was heated at the same temperature for 4 h followed by addition of 
pyridine (3 mL). The reaction mixture was refluxed for 2 h. Pyridine was distilled off, and 
the reaction mixture was filtered, the solid product was washed with cold methanol to 
afford 0.169 g (22%) of the product as a yellow amorphous solid. Mp: 201.0−203.5 °C. 
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1H NMR (600 MHz): δ (ppm) 7.18 (d, J = 8.5 Hz, 2H), 7.06 (d, J = 8.5 Hz, 2H), 2.91 (m, 
1H), 1.25 (s, 6H). 13C NMR (150 MHz): δ (ppm) 163.4, 148.4, 147.5, 134.5, 127.6, 
121.1, 33.8, 24.1. HRMS (ESI) m/z: [M + Na]+ calcd for C66H66NaO12 1073.4452, found 
1073.4460. 
 
Mellitic Acid (Hexa-4-methoxyphenyl) Ester (6). PCl5 (1.794 g, 8.6 mmol) was 
added to 1,2,3,4,5,6-cyclohexanehexacarboxylic acid (0.250 g, 0.7 mmol) and digested 
for 1 h at 130 °C. Then 4-methoxyphenol (3.565 g, 28.7 mmol) was added to reaction 
mixture, which was heated at the same temperature for 4 h followed by addition of 
pyridine (3 mL). The reaction mixture was refluxed for 2 h. Pyridine was distilled off, the 
reaction mixture was filtered, and the solid product was washed with cold methanol to 
afford 0.442 g (63%) of the product as a white amorphous solid. Mp: 223.0−223.5 °C. 
1H NMR (600 MHz): δ (ppm) 7.05 (d, J = 9.0 Hz, 2H), 6.85 (d, J = 9.0 Hz, 2H), 3.80 (s, 
3H). 13C NMR (150 MHz): δ (ppm) 163.6, 158.1, 143.9, 134.5, 122.2, 114.8, 55.8. 
HRMS (ESI) m/z: [M + Na]+ calcd for C54H42O18Na 1001.2263, found 1001.2291. 
 
Mellitic Acid (Hexa-4-chlorophenyl) Ester (7). PCl5 (1.794 g, 8.6 mmol) was 
added to 1,2,3,4,5,6-cyclohexanehexacarboxylic acid (0.250 g, 0.7 mmol) and digested 
for 1 h at 130 °C. Then 4-chlorophenol (3.692 g, 28.7 mmol) was added to reaction 
mixture, which was heated at the same temperature for 4 h followed by addition of 
pyridine (3 mL). The reaction mixture was refluxed for 2 h. Pyridine was distilled off, the 
reaction mixture was filtered, and the solid product was washed with cold acetone to 
afford 0.423 g (58%) of the product as a white amorphous solid. Mp: > 260 °C. 1H NMR 
(600 MHz): δ (ppm) 7.34 (d, J = 9.0 Hz, 2H), 7.04 (d, J = 8.5 Hz, 2H). 13C NMR (150 
MHz): δ (ppm) 162.7, 148.6, 134.4, 132.9, 130.1, 122.5. Anal. Calcd for C48H24Cl6O12: 
C, 57.29; H, 2.39. Found: C, 57.05; H, 2.18%. 
 
Mellitic Acid (Hexa-4-bromophenyl) Ester (8). PCl5 (1.794 g, 8.6 mmol) was 
added to 1,2,3,4,5,6-cyclohexanehexacarboxylic acid (0.250 g, 0.7 mmol) and digested 
for 1 h at 130 °C. Then 4-bromophenol (4.968 g, 28.7 mmol) was added to reaction 
mixture, which was heated at the same temperature for 4 h followed by addition of 
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pyridine (3 mL). The reaction mixture was refluxed for 2 h. Pyridine was distilled off, the 
reaction mixture was filtered, and the solid product was washed with cold acetone to 
afford 0.453 g (50%) of the product as a beige amorphous solid. Mp: > 260 °C. 1H NMR 
(600 MHz): δ (ppm) 7.49 (d, J = 9.0 Hz, 2H), 6.97 (d, J = 9.0 Hz, 2H). 13C NMR (150 
MHz): δ (ppm) 162.6, 149.1, 134.4, 133.1, 122.9, 120.6. HRMS (ESI) m/z: [M + Na]+ 
calcd for C48H24Br6NaO12 1294.6204, found 1294.6212. 
 
Mellitic Acid (Hexa-4-fluorophenyl) Ester (9). PCl5 (1.794 g, 8.6 mmol) was 
added to 1,2,3,4,5,6-cyclohexanehexacarboxylic acid (0.250 g, 0.7 mmol) and digested 
for 1 h at 130 °C. Then 4-fluorophenol (3.219 g, 28.7 mmol) was added to the reaction 
mixture, which was heated at the same temperature for 4 h followed by addition of 
pyridine (3 mL). The reaction mixture was refluxed for 2 h. Pyridine was distilled off, the 
reaction mixture was filtered, and the solid product was washed with cold acetone to 
afford 0.404 g (62%) of the product as a white amorphous solid. Mp: 210.0−210.5 °C. 
1H NMR (600 MHz): δ (ppm) 7.17 (m, 2H), 7.12 (m, 2H). 13C NMR (150 MHz): δ (ppm) 
163.1, 161.8, 160.2, 146.0, 134.5, 122.7, 116.8. HRMS (ESI) m/z: [M + Na]+ calcd for 
C48H24F6NaO12 929.1070, found 929.1066. 
 
Mellitic Acid (Hexa-3-methyl-4-bromophenyl) Ester (10). PCl5 (1.794 g, 8.6 
mmol) was added to 1,2,3,4,5,6-cyclohexanehexacarboxylic acid (0.250 g, 0.7 mmol) 
and digested for 1 h at 130 °C. Then 3-methyl-4-bromophenol (5.371 g, 28.7 mmol) was 
added to reaction mixture, which was heated at the same temperature for 4 h followed 
by addition of pyridine (3 mL). The reaction mixture was refluxed for 2 h. Pyridine was 
distilled off and the reaction mixture was filtered and solid product was washed with cold 
acetone to afford 0.416 g (43%) of the product as a beige amorphous solid. Mp: 201.5− 
202.5 °C. 1H NMR (600 MHz): δ (ppm) 7.53 (d, J = 8.5 Hz, H), 6.97 (d, J = 8.5 Hz, H), 
6.85 (dd, H), 2.31 (s, 3H). 13C NMR (150 MHz): δ (ppm) 162.7, 149.1, 140.1, 134.4, 
133.6, 123.4, 122.9, 120.1, 23.2. Anal. Calcd for C54H36Br6O12Na: C, 46.98; H, 2.61. 
Found: C, 46.96; H, 2.44. 
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Mellitic Acid (Hexa-4-cyanophenyl) ester (11). PCl5 (1.794 g, 8.6 mmol) was 
added to 1,2,3,4,5,6-cyclohexanehexacarboxylic acid (0.250 g, 0.7 mmol) and digested 
for 1 h at 130 °C. Then 4- cyanophenol (3.421 g, 28.7 mmol) was added to reaction 
mixture, which was heated at the same temperature for 4 h followed by addition of 
pyridine (3 mL). The reaction mixture was refluxed for 2 h. Pyridine was distilled off, the 
reaction mixture was filtered, and the solid product was washed with cold acetone to 
afford 0.494 g (71%) of the product as a light brown amorphous solid. Mp: > 260 °C. 1H 
NMR (600 MHz): δ (ppm) 7.70 (d, J = 8.5 Hz, 2H), 7.21 (d, J = 8.5 Hz, 2H). 13C NMR 
(150 MHz): δ (ppm) 161.9, 152.8, 134.4, 134.4, 122.1, 117.5, 112.0. HRMS (ESI) m/z: 
[M + Na]+ calcd for C54H24N6NaO12 971.1350, found 971.1347. 
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CHAPTER 5. CONCLUSION 
 
5.1 The viologen cation radical pimer: a case of dispersion-driven bonding 
In conclusion, we have systematically investigated the influence of different types 
of substituents on the viologen cation radical’s pi dimerization at pH 7 and pH 9.6 in 
aqueous solution. The nature and the strength of the pi bond originate from the core 
viologen structure and is a characteristic feature for a given structural unit. The strength 
of the pi bond remains almost insensitive to substitution. Using different substituents we 
can slightly manipulate the association constant by two order of magnitude range.  
Among N,N’-di-alkyl-substituted viologen derivatives, only 1,1'-bis(4-
carboxybenzyl)-4,4’-bipyridinium dibromide and 1,1’-dibenzyl-4,4’-bipyridinium 
dibromide have association constants that are an order of magnitude higher than the 
rest of the compounds. This cooperative effect is most likely due to the hydrophobic 
effect of the phenyl groups as the experiment is conducted in aqueous media. Also, the 
terminal phenyl groups might promote the stacking of viologen units, enhancing 
interaction. Another unexpected result was that the 1,1’-diisopropyl-4,4’-bipyridinium 
diiodide, despite its bulky isopropyl groups, has an association constant close to 1,1’-
dimethyl-4,4’-bipyridinium diiodide. The most likely explanation to this behavior of 1,1’-
diisopropyl-4,4’-bipyridinium diiodide could be due to the perpendicular orientation of the 
two monomeric units in space making dimerization more efficient. Surprisingly, the 
extension of conjugation slightly decreases the association constants in comparison to 
dialkyl-substituted viologens. This observation is most likely due to delocalization of spin 
density over the entirety of the molecule, therefore, we observed a decrease of the pi 
bond strength between radical cation monomers.  
Also, viologen cation radicals do not prefer social self-sorting. The association 
constant of the mixed solution was simply the average of the two Ka values of the two 
independent compounds, indicating that the different radicals show no energetic 
preference to be involved in social self-sorting. Even though the nature of the pi bond is 
intrinsically weak, the dimerization strength and radical stability still can be affected to 
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some degree by electronic effects of substituents, as well as by structural factors of the 
radical environment. 
 
5.2 An organic spin crossover material in water from a covalently linked radical 
dyad 
 Our laboratory has demonstrated the thermomagnetic switch in water based on 
the equilibrium between diamagnetic pimer and paramagnetic diradical of propyl-
tethered bis(viologen) dyad. The equilibrium can be reversibly manipulated using 
temperature as an external stimulus to switch the molecule’s spin state without radical 
decomposition. EPR and UV-Vis experiments indicate changes in magnetic and optical 
properties of the tested covalently linked radical dyad, which are observed upon heating 
and cooling cycles, and can be reversibly controlled. The diamagnetic form of propyl-
tethered bis(viologen) is prevalent at room temperature (and lower temperatures) with a 
small thermal population of the paramagnetic form. While upon heating, the equilibrium 
shifts toward the paramagnetic species via breaking the weak pi bond of the 
intramolecular dimer. The organic spin crossover materials have various possible 
intriguing applications1-6 when changes in the quantum mechanical property of the 
electron spin trigger the responsive changes in physical properties of a material; for 
example, thermo-switchable stimuli-responsive polymeric materials and switch-on 
magnetic resonance biological probes. 
 
5.3 Access to aryl mellitic acid esters through surprising aromatic oxidation 
 In conclusion, a simple procedure to access previously unknown aryl mellitic acid 
esters has been developed. The reaction scope and the reaction mechanism have been 
investigated. The major synthetic advantages of the protocol presented are that the 
reaction is carried out under solvent-free conditions as a one-pot reaction, followed by a 
chromatography-free washing work up procedure. The reaction can tolerate both 
electron-rich and electron-poor phenols. Also, unlike known oxidation conditions to 
convert cyclohexane into benzene which require high temperatures and a metal 
catalyst, this novel reaction is conducted under relatively mild conditions, without any 
metal additives, and at lower temperatures. Mechanistically, the reaction most likely 
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happens in two major steps; esterification followed by oxidation. Aryl mellitic acid esters 
may be useful structural motifs for chemical amplifiers, fast-releasing domino self-
immolative linkers, and as the cores of branched dendrimers. 
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APPENDIX A. SUPPORTING INFORMATION FOR CHAPTER 2 
General information. Compounds and solvents were used as received from 
commercial suppliers without prior purification. NMR spectra were obtained using a 
spectrometer 600 and 150 MHz for 1H and 13C, respectively. The QTOF mass analyzer 
was used for the HRMS measurements. 
 
General procedure. Preparation of di-alkyl substituted viologens. Compounds 1,41 
2,42 3,43 4,44 5,45 and 646 were prepared using 4,4’-bipyridine and corresponding alkyl 
iodide or alkyl bromide according to the literature procedures.  
1,1’-Dimethyl-4,4’-bipyridinium diiodide (1). 4,4’-Bipyridine (2.499 g, 0.016 mol) and 
iodomethane (5.678 g, 0.040 mol) were dissolved in acetonitrile (150 ml) and refluxed 
overnight. Then, the reaction mixture was cooled down to room temperature and ethyl 
acetate (150 ml) was added to precipitate the product in solution. The formed precipitate 
was filtered and washed with ethyl acetate to afford the product (6.616 g, 94%). 1H 
NMR (600 MHz, DMSO-d6): δ (ppm) 9.28 (d, J = 7.8 Hz, 4H), 9.76 (d, J = 7.8 Hz, 4H), 
4.44 (s, 6H). 
 
1,1'-Bis(2-hydroxyethyl)-4,4’-bipyridinium diiodide (2). 4,4’-Bipyridine (1.562 g, 
0.010 mol) and 2-iodoethanol (5.277 g, 0.030 mol) were dissolved in nitromethane (30 
ml) and refluxed for 2 hours. The formed yellow precipitate was filtered and washed with 
nitromethane and diethyl ether to afford the product (3.598 g, 72%). 1H NMR (600 MHz, 
DMSO-d6): δ (ppm) 9.31 (d, J = 5.4 Hz, 4H), 8.79 (d, J = 4.2 Hz, 4H), 5.31 (t, 2H), 4.77 
(t, 4H), 3.94 (br., 4H). 
 
1,1'-Bis(carboxymethyl)-4,4’-bipyridinium dibromide (3). 4,4’-Bipyridine (1.562 g, 
0.010 mol) and 2-bromoethanoic acid (4.169 g, 0.030 mol) were dissolved in methylene 
chloride and stirred at 30 °C for 6 days. The formed precipitate was filtered and washed 
with methylene chloride and diethyl ether to afford the product (3.422 g, 79%). 1H NMR 
(600 MHz, D2O-d2): δ (ppm) 9.08 (d, J = 7.2 Hz, 4H), 8.61 (d, J = 6.6 Hz, 4H), 5.47 (s, 
4H). 
 
59 
 
 
1,1’-Diisopropyl-4,4’-bipyridinium diiodide (4). 4,4’-Bipyridine (0.312 g, 0.002 mol) 
and isopropyl iodide ( g, 0.006 mol) were dissolved in acetonitrile (3 ml) and refluxed 
overnight. The formed yellow precipitate was filtered and washed with hot chloroform, 
acetone, hexane, and diethyl ether to afford the product (0.215 g, 22%). 1H NMR (600 
MHz, DMSO-d6): δ (ppm) 9.47 (d, J = 6.7 Hz, 4H), 8.79 (d, J = 6.5 Hz, 4H), 5.14 (m, 
2H), 1.68 (d, J = 6.7 Hz, 12H). 
 
1,1'-Bis(4-carboxybenzyl)-4,4’-bipyridinium dibromide (5). 4,4’-Bipyridine (3.120 g, 
0.020 mol) and 4-(chloromethyl)benzoic acid (12.902 g, 0.060 mol) were dissolved in 
acetonitrile (20 ml) and stirred at 100 °C overnight. The formed precipitate was filtered 
and washed with ethyl acetate and diethyl ether to afford the product (9.140 g, 78%). 1H 
NMR (600 MHz, DMSO-d6): δ (ppm) 13.17 (br., 2H), 9.57 (d, J = 6.6 Hz, 4H), 8.81 (d, J 
= 6.6 Hz, 4H), 8.00 (d, J = 7.8 Hz, 4H), 7.71 (d, J = 7.8 Hz, 4H), 6.08 (s, 4H). 
 
1,1’-Dibenzyl-4,4’-bipyridinium dibromide (6). 4,4’-Bipyridine (0.625 g, 0.004 mol) 
and bromo-methyl benzene (1.710 g, 0.010 mol) were dissolved in N,N-
dimethylformamide (8 ml) and stirred at 90 °C for 12 hours. The formed precipitate was 
filtered and washed with chloroform and diethyl ether yielding the product (1.910 g, 
96%). 1H NMR (600 MHz, D2O-d2): δ (ppm) 9.16 (d, J = 7.2 Hz, 4H), 8.53 (d, J = 7.2 Hz, 
4H), 7.54 (m, 10H), 5.94 (s, 4H). 
 
Preparation of hetero-substituted viologens (compounds 7-11).  
N-aryl-4,4’-bipyridines. Compounds 7-10 were prepared using the corresponding N-
phenyl-4,4’-bipyridine using a modified procedure.47  
4-(2,4-dinitrophenyl) 4,4’-bipyridine (1.060 g 0.0023 mol) was dissolved in ethanol (16 
mL). Aniline (0.930 g 0.010 mol) was added dropwise. Solution was stirred at reflux 
under an argon atmosphere for 24 hours. After cooling to room temperature, 30 mL of 
water was added. Solid byproduct was filtered off and liquid filtrate was concentrated 
down. Solid material was redissolved in ethanol and precipitated out with ether. 
Precipitate was filtered and washed with ethyl acetate. (0.730 g 96% yield). 
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Preparation of N-aryl-N’-methyl viologens. Compounds 7-10 were prepared using 
the corresponding N-phenyl-4,4’-bipyridines using a modified procedure.16  
N-aryl 4,4’-bipyridine (1 mmol) was added to 50 mL of acetonitrile and stirred vigorously 
until near complete dissolution. Iodomethane (1.000 g, 7 mmol) was dissolved in 10 mL 
of acetonitrile and was added to the N-aryl 4,4’-bipyridine solution. Solution was 
refluxed for 4 hours. Solid precipitate was collected via filtration and product was 
washed with acetonitrile giving product in near quantitative yield. 
1-(4-Fluorophenyl)- 1'-methyl -4,4’-bipyridinium iodide/chloride (7). An orange red 
powder (98%). 1H NMR (400 MHz, D2O- d2): δ (ppm) 9.38 (d, J = 4.0 Hz, 2H), 9.09 (d, J 
= 8.0 Hz, 2H), 8.71 (d, J = 4.0 Hz, 2H), 8.60 (d, J = 4.0 Hz, 2H), 7.87 (m, 2H), 7.51 (t, 
2H), 4.52 (s, 3H). 13C NMR (150 MHz, DMSO-d6): δ (ppm) 164.7, 163.0, 149.7, 148.1, 
147.2, 146.6, 128.0, 126.8, 117.7, 48.6. 
 
1-(4-Methoxyphenyl)- 1'-methyl -4,4’-bipyridinium iodide/chloride (8). A orange 
powder (96%). 1H NMR (400 MHz, D2O- d2): δ (ppm) 9.32 (d, J = 4.0 Hz, 2H), 9.08 (d, J 
= 8.0 Hz, 2H), 8.71 (d, J = 4.0 Hz, 2H), 8.59 (d, J = 4.0 Hz, 2H), 7.87 (d, 2H), 7.51 (d, 
2H), 4.52 (s, 3H). 
 
1-Phenyl-1'-methyl-4,4’-bipyridinium iodide/chloride (9). A dark red powder (95%). 
1H NMR (400 MHz, D2O- d2): δ (ppm) 9.38 (d, J = 4.0 Hz, 2H), 9.09 (d, J = 8.0 Hz, 2H), 
8.71 (d, J = 4.0 Hz, 2H), 8.60 (d, J = 4.0 Hz, 2H), 7.81 (d, 2H), 7.81 (d, 2H), 4.52 (s, 
3H). 
 
1-(4-Nitrophenyl)- 1'-methyl -4,4’-bipyridinium iodide/chloride (10). A brown red 
powder (99%). 1H NMR (400 MHz, D2O- d2): δ (ppm) 9.38 (d, J = 4.0 Hz, 2H), 9.09 (d, J 
= 8.0 Hz, 2H), 8.71 (d, J = 4.0 Hz, 2H), 8.78 (d, J = 4.0 Hz, 2H), 8.62 (d, 2H), 8.11 (d, 
2H), 4.54 (s, 3H). 13C NMR (150 MHz, DMSO-d6): δ (ppm) 149.9, 148.9, 147.5, 146.7, 
146.0, 146.0, 126.9, 126.4, 126.3, 125.3. 
 
1-(2,4-Dinitrophenyl)-1'-methyl -4,4’-bipyridinium iodide/chloride (11).48 Compound 
11 was prepared according to the literature procedure. A brown red powder (94%). 1H 
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NMR (600 MHz, DMSO-d6): δ (ppm) 9.70 (d, J = 7.0 Hz, 2H), 9.35 (d, J = 6.4 Hz, 2H), 
9.18 (s, 1H), 9.07 (d, J = 7.0 Hz, 2H), 9.02 (dd, J = 8.6 Hz, 1H), 8.88 (d, J = 6.4 Hz, 2H), 
8.43 (d, J = 8.6 Hz, 1H). 
 
Preparation of N, N’-diaryl-viologens. 
1,1’-Di-2,4-dinitrophenyl-4,4’-bipyridinium dichloride (12a).48,49 (Raffaello 
Papadakis; Ioanna Deligkiozi; Michel Giorgi; Bruno Faured; Athanase Tsolomitis RSC 
Adv., 2016, 6, 575–585) A brown powder (93%). 1H NMR (600 MHz, DMSO-d6): δ 
(ppm) 9.82 (d, 4H), 9.27 (d, 4H), 9.19 (s, 2H), 9.05 (d, J = 7.8 Hz, 2H), 8.51 (d, J = 8.4 
Hz, 2H). 
 
Preparation of N, N’-diaryl-viologens. Compounds 12b-d were prepared according to 
the literature procedure. 48,49  (Raffaello Papadakis; Ioanna Deligkiozi; Michel Giorgi; 
Bruno Faured; Athanase Tsolomitis RSC Adv., 2016, 6, 575–585) 
Corresponding arylamine (30 mmol) in ethanol was added dropwise to the solution of 
the 1,1’-di-2,4-dinitrophenyl-4,4’-bipyridine dichloride (6 mmol) in 50% aqueous ethanol. 
The reaction mixture was stirred for 24 hours at room temperature followed by rotary 
evaporation. The residue was washed with diethyl ether. Then the mixture was 
dissolved in water and heated at 100 ºC for 24 hours. Solid precipitate was collected via 
filtration and product was recrystallized. 
1,1’-Di-4-methoxyphenyl-4,4’-bipyridinium dichloride (12b). A brown powder (95%). 
1H NMR (600 MHz, DMSO-d6): δ (ppm) 9.65 (d, J = 6.4 Hz, 4H), 9.05 (d, J = 6.4 Hz, 
4H), 7.93 (d, J = 8.9 Hz, 4H), 7.33 (d, J = 8.9 Hz, 4H), 3.91 (s, 6H). 
 
1,1’-Di-4-bromophenyl-4,4’-bipyridinium dichloride (12c). A yellow-brown powder 
(94%). 1H NMR (600 MHz, D2O- d2): δ (ppm) 9.44 (d, J = 3.8 Hz, 4H), 8.82 (d, J = 6.7 
Hz, 4H), 7.98 (d, J = 6.7 Hz, 4H), 7.78 (d, J = 3.2 Hz, 4H). 
 
1,1’-Diphenyl-4,4’-bipyridinium dichloride (12d). A brown powder (91%). 1H NMR 
(600 MHz, D2O- d2): δ (ppm) 9.56 (m, 6H), 8.92 (d, J = 6.9 Hz, 4H), 8.66 (d, J = 8.4 Hz, 
4H), 8.17 (d, J = 8.4 Hz, 4H). 
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Preparation of core-substituted viologens. 
1,1’-Dimethyl-2,2’-dichloro-4,4’-bipyridinium diiodide (13). 2,2’-Dichloro-4,4’-
bipyridine (0.017 g, 0.076 mmol) was dissolved in DMF. Excess of iodomethane was 
added and the reaction mixture was heated at 60 °C for 3 days under argon covered 
with foil. Then, the reaction mixture was cooled down to room temperature and ethyl 
acetate was added to precipitate the product in solution. The formed precipitate was 
filtered and washed with ethyl acetate, acetone, and diethyl ether to afford the product 
(0.033 g, 85%). 1H NMR (600 MHz, DMSO-d6): δ (ppm) 9.49 (d, J = 6.6 Hz, 2H), 9.32 
(d, J = 2.4 Hz, 2H), 8.72 (dd, J = 6.6 Hz, 2H), 4.47 (s, 6H). 13C NMR (150 MHz, DMSO-
d6): δ (ppm) 148.7, 145.6, 138.0, 126.0, 124.9.  
 
1,1’-Dimethyl-2,2’-bis(methylthio)-4,4’-bipyridinium diiodide (14). 2,2’-Dichloro-4,4’-
bipyridine (0.020 g, 0.089 mmol) was dissolved in DMF (3 ml). Sodium thiomethoxide 
(0.062 g, 0.890 mmol) was added and the reaction mixture was heated at 80 °C for 24 
hours under argon. Then, the reaction mixture was cooled down to room temperature 
and ethyl acetate was added to precipitate the product in solution. The formed 
precipitate was filtered and washed with ethyl acetate, chloroform, and diethyl ether to 
afford the dark-yellow solid product (0.0410 g, 87%). 
1H NMR (600 MHz, DMSO-d6): δ (ppm) 9.19 (d, J = 6.7 Hz, 2H), 8.38 (d, J = 6.5 Hz, 
2H), 8.30 (s, 2H), 4.24 (s, 6H), 3.03 (s, 6H). 13C NMR (150 MHz, DMSO-d6): δ (ppm) 
161.6, 161.2, 151.5, 151.1, 148.7, 147.4, 147.2, 145.0, 141.0, 123.2, 122.9, 122.1, 
121.8, 120.2, 119.7, 103.1, 45.9, 45.5, 15.5, 15.2. 
 
1,1'-Dimethyl-2,2'-bis(phenylthio)- 4,4’-bipyridinium diiodide (15). 2,2’-Dichloro-4,4’-
bipyridine (0.020 g, 0.089 mmol) was dissolved in DMF (3 ml). Large excess of 
potassium benzothiolate was added and the reaction mixture was heated at 80 °C for 
24 hours under argon. Then, large excess of iodomethane was added and the reaction 
mixture was heated for another 24 hours under argon. After the reaction mixture was 
cooled down to room temperature, ethyl acetate was added to precipitate the product in 
solution. The formed precipitate was filtered and washed with ethyl acetate, chloroform, 
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and diethyl ether to afford dark red solid product ( 3.418 g, 71%). 1H NMR (600 MHz, 
DMSO-d6): δ (ppm) 9.17 (d, J = 6.6 Hz, 2H), 8.09 (d, J = 6.6 Hz, 2H), 7.75 (t, 2H), 7.67 
(m, 8H), 7.06 (s, 2H), 4.31 (s, 6H). 13C NMR (150 MHz): δ (ppm) 160.9, 147.9, 147.7, 
135.2, 132.1, 131.2, 124.6, 123.5, 121.4, 46.4. 
 
3,8-Dimethyl-3,8-phenanthrolinium diiodide (16). Compound 16 was prepared 
according to the literature procedure.55,56 A brown powder (15%). 1H NMR (600 MHz, 
DMSO-d6): δ (ppm) 10.26 (s, 2H), 9.67 (d, J = 6.6 Hz, 2H), 9.33 (d, J = 7.2 Hz, 2H), 8.65 
(s, 2H), 4.62 (s, 6H). 
 
Preparation of mono-alkyl substituted viologens. Compounds 1750 and 1851 were 
prepared using 4,4’-bipyridine and corresponding alkyl iodide according to the literature 
procedure.50,52-54 
1-Methyl-4,4’-bipyridinium iodide (17). 4,4’-Bipyridine (2.499 g, 0.016 mol) was 
dissolved in acetone (50 ml). Then, methyl iodide (2.556 g, 0.018 mol) was added 
dropwise to the solution. The reaction mixture was stirred overnight at room 
temperature. The formed yellow precipitate was filtered, washed with acetone, and dried 
on high vacuum (3.575 g, 75%). 1H NMR (600 MHz, DMSO-d6): δ (ppm) 9.14 (d, J = 6.6 
Hz, 2H), 8.87 (d, J = 6.0 Hz, 2H), 8.62 (d, J = 7.2 Hz, 2H), 8.04 (d, J = 6.0 Hz, 2H), 4.38 
(s, 3H). 
 
1-(2-Hydroxyethyl)-4,4’-bipyridinium iodide (18). 4,4’-Bipyridine (2.499 g, 0.016 mol) 
was dissolved in acetone (50 ml). Then, 2-iodoethanol (3.095 g, 0.018 mol) was added 
dropwise to the solution. The reaction mixture was stirred overnight at room 
temperature. The formed yellow precipitate was filtered, washed with acetone, and dried 
on high vacuum (3.830 g, 73%). 1H NMR (600 MHz, D2O-d2): δ (ppm) 8.98 (d, J = 6.6 
Hz, 2H), 8.79 (d, J = 4.8 Hz, 2H), 8.44 (d, J = 6.6 Hz, 2H), 7.93 (d, J = 4.2 Hz, 2H), 4.13 
(s, 2H). 
 
3-Methyl-5,6-dioxo-5,6-dihydro-3,8-phenanthrolinium iodide (19). Compound 19 
was prepared according to the literature procedure.56 A brown powder (0.422 g, 86%). 
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1H NMR (600 MHz, DMSO-d6): δ (ppm) 9.64 (s, 1H), 9.35 (d, 2H), 9.16 (d, 2H), 8.56 (d, 
J = 5.4 Hz, 1H), 4.48 (s, 3H). 
 
UV-vis dilution experiments. 
Preparation of radical cation. To prepare a vaiologen derivative radical cation we 
used excess of sodium dithionite. This modified chemical reduction of Komers was 
previously reported by our group.36,37 
Calculated amounts of substituted viologen dication was weighed and dissolved in pH 
9.6 aqueous buffer (0.045 M NaHCO3/0.009 M NaOH buffer) or in pH 7.0 aqueous 
buffer (38.5% of Na2HPO4/61.5% NaH2PO4) to prepare a stock solution with known 
concentration. Then, different concentrations of the compound were prepared by serial 
dilution of the stock solution with aqueous buffer. The solutions were purged with argon 
gas in a round-bottom flask fitted with a rubber septa and a needle as an out needle for 
about an hour. Sodium dithionite was weighed and placed into a round bottom flask in a 
glovebox followed by sealing the flask with a rubber septa before being removed from 
the glovebox. Degassed aqueous buffer dication solution was cannulated into the 
sealed flask with sodium dithionite to afford radical cation solution of known 
concentration. (As an alternative way, sodium dithionite buffered solution of known 
concentration can be prepared and then added to a purged solution of the viologen 
dication of known concentration to prepare the aqueous solution of radical cation). This 
radical cation solution was cannulated into a purged quartz cuvette (1 cm path length). 
UV−Vis scans of viologen radical cation in aqueous buffer solution were taken 
immediately at room temperature. This procedure was repeated for solutions within 
particular range of concentrations were UV-Vis data are meaningful. 
  
EPR dilution experiments. 
X-Band EPR spectra were acquired on a Bruker EMX instrument, equipped with 
a frequency counter. All EPR were taken with the following parameters: modulation 
frequency = 100 kHz, modulation amplitude = 1.0 G, receiver gain = 50 dB, time 
constant = 0.16 ms, conversion time = 20.48 ms, sweep time = 83.89 s, center field = 
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3335 G, sweep width = 70.0 G, microwave attenuation = 20 dB, microwave power = 
1.990 mW, no. of points = 4096, and no. of averaged scans = 8. 
Solutions were made in sparged pH 9.6 aqueous buffer (0.045 M NaHCO3/0.009 M 
NaOH buffer) or in pH 7.0 aqueous buffer (38.5% of Na2HPO4/61.5% NaH2PO4) at 
varying concentrations of the dication viologens. Reduction was done via addition of 
sodium dithionite solutions (10 times excess of sodium diothionite in corresponding 
buffer) to reach the desired concentration of reduced cationic radical viologen species. 
The reduced analyte solution was cannulated into a custom made EPR tube, 3 mm ID/4 
mm OD top and ~30 mm of 1 mm ID/2mm OD bottom, capped by a septum. The EPR 
spin concentration, relative to a TEMPONE external standard, was determined. 
 
1,1’-Dimethyl-4,4’-bipyridinium diiodide (1). 
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Supplementary figure S1. Representative uv-vis spectra of 1,1’-dimethyl-4,4’-bipyridinium diiodide (1) 
aqueous buffer solutions at: (a) pH 9.6 run 1 (b) pH 9.6 run 2; (c) pH 7 run 1 (d) pH 7 run 2. 
 
 
Supplementary figure S2. Representative origin fitting plots for uv-vis data of 1,1’-dimethyl-4,4’-
bipyridinium diiodide (1) aqueous buffer solutions at: (a) pH 9.6 run 1 (b) pH 9.6 run 2; (c) pH 7 run 1 (d) 
pH 7 run 2. 
 
 
Supplementary figure S3. Representative EPR spectrum and origin fitting plot for 1,1’-dimethyl-4,4’-
bipyridinium diiodide (1) aqueous buffer solution at pH 7 (a) Isothermal EPR dilution experiment spectrum 
(b) Nonlinear fitting curve: the dimer concentration vs total concentration of viologen derivative. 
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Supplementary figure S4. Representative EPR spectrum and origin fitting plot for 1,1’-dimethyl-4,4’-
bipyridinium diiodide (1) aqueous buffer solution at pH 9.6 (a) Isothermal EPR dilution experiment 
spectrum (b) Nonlinear fitting curve: the dimer concentration vs total concentration of viologen derivative. 
 
 
1,1'-Bis(2-hydroxyethyl)-4,4’-bipyridinium diiodide (2).  
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Supplementary figure S5. Representative uv-vis spectra of 1,1'-bis(2-hydroxyethyl)-4,4’-bipyridinium 
diiodide (2) aqueous buffer solutions at: (a) pH 9.6 run 1 (b) pH 9.6 run 2; (c) pH 7 run 1 (d) pH 7 run 2. 
 
 
Supplementary figure S6. Representative origin fitting plots for uv-vis data of 1,1'-bis(2-hydroxyethyl)-
4,4’-bipyridinium diiodide (2) aqueous buffer solutions at: (a) pH 9.6 run 1 (b) pH 9.6 run 2; (c) pH 7 run 1 
(d) pH 7 run 2. 
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Supplementary figure S7. Representative EPR spectrum and origin fitting plot for 1,1'-bis(2-
hydroxyethyl)-4,4’-bipyridinium diiodide (2) aqueous buffer solution at pH 7 (a) Isothermal EPR dilution 
experiment spectrum (b) Nonlinear fitting curve: the dimer concentration vs total concentration of viologen 
derivative. 
 
 
Supplementary figure S8. Representative EPR spectrum and origin fitting plot for 1,1'-bis(2-
hydroxyethyl)-4,4’-bipyridinium diiodide (2) aqueous buffer solution at pH 9.6 (a) Isothermal EPR dilution 
experiment spectrum (b) Nonlinear fitting curve: the dimer concentration vs total concentration of viologen 
derivative. 
 
 
1,1'-Bis(carboxymethyl)-4,4’-bipyridinium dibromide (3).  
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Supplementary figure S9. Representative uv-vis spectra of 1,1'-bis(carboxymethyl)-4,4’-bipyridinium 
dibromide (3) aqueous buffer solutions at: (a) pH 9.6 run 1 (b) pH 9.6 run 2; (c) pH 7 run 1 (d) pH 7 run 2. 
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Supplementary figure S10. Representative origin fitting plots for uv-vis data of 1,1'-bis(carboxymethyl)-
4,4’-bipyridinium dibromide (3) aqueous buffer solutions at: (a) pH 9.6 run 1 (b) pH 9.6 run 2; (c) pH 7 run 
1 (d) pH 7 run 2. 
 
 
Supplementary figure S11. Representative EPR spectrum and origin fitting plot for 1,1'-
bis(carboxymethyl)-4,4’-bipyridinium dibromide (3) aqueous buffer solution at pH 7 (a) Isothermal EPR 
dilution experiment spectrum (b) Nonlinear fitting curve: the dimer concentration vs total concentration of 
viologen derivative. 
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Supplementary figure S12. Representative EPR spectrum and origin fitting plot for 1,1'-
bis(carboxymethyl)-4,4’-bipyridinium dibromide (3) aqueous buffer solution at pH 9.6 (a) Isothermal EPR 
dilution experiment spectrum (b) Nonlinear fitting curve: the dimer concentration vs total concentration of 
viologen derivative. 
 
 
1,1’-Diisopropyl-4,4’-bipyridinium diiodide (4). 
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Supplementary figure S13. Representative uv-vis spectra of 1,1’-diisopropyl-4,4’-bipyridinium diiodide 
(4) aqueous buffer solutions at: (a) pH 9.6 run 1 (b) pH 9.6 run 2; (c) pH 7 run 1 (d) pH 7 run 2. 
 
 
Supplementary figure S14. Representative origin fitting plots for uv-vis data of 1,1’-diisopropyl-4,4’-
bipyridinium diiodide (4) aqueous buffer solutions at: (a) pH 9.6 run 1 (b) pH 9.6 run 2; (c) pH 7 run 1 (d) 
pH 7 run 2. 
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Supplementary figure S15. Representative EPR spectrum and origin fitting plot for 1,1’-diisopropyl-4,4’-
bipyridinium diiodide (4) aqueous buffer solution at pH 7 (a) Isothermal EPR dilution experiment spectrum 
(b) Nonlinear fitting curve: the dimer concentration vs total concentration of viologen derivative. 
 
 
Supplementary figure S16. Representative EPR spectrum and origin fitting plot for 1,1’-diisopropyl-4,4’-
bipyridinium diiodide (4) aqueous buffer solution at pH 9.6 (a) Isothermal EPR dilution experiment 
spectrum (b) Nonlinear fitting curve: the dimer concentration vs total concentration of viologen derivative. 
 
 
1,1'-Bis(4-carboxybenzyl)-4,4’-bipyridinium dibromide (5).  
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Supplementary figure S17. Representative uv-vis spectra of 1,1'-bis(4-carboxybenzyl)-4,4’-bipyridinium 
dibromide (5) aqueous buffer solutions at: (a) pH 9.6 run 1 (b) pH 9.6 run 2; (c) pH 7 run 1 (d) pH 7 run 2. 
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Supplementary figure S18. Representative origin fitting plots for uv-vis data of 1,1'-bis(4-
carboxybenzyl)-4,4’-bipyridinium dibromide (5) aqueous buffer solutions at: (a) pH 9.6 run 1 (b) pH 9.6 
run 2; (c) pH 7 run 1 (d) pH 7 run 2. 
 
 
 
Supplementary figure S19. Representative EPR spectrum and origin fitting plot for 1,1'-bis(4-
carboxybenzyl)-4,4’-bipyridinium dibromide (5) aqueous buffer solution at pH 7 (a) Isothermal EPR 
dilution experiment spectrum (b) Nonlinear fitting curve: the dimer concentration vs total concentration of 
viologen derivative. 
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Supplementary figure S20. Representative EPR spectrum and origin fitting plot for 1,1'-bis(4-
carboxybenzyl)-4,4’-bipyridinium dibromide (5) aqueous buffer solution at pH 9.6 (a) Isothermal EPR 
dilution experiment spectrum (b) Nonlinear fitting curve: the dimer concentration vs total concentration of 
viologen derivative. 
 
1,1’-Dibenzyl-4,4’-bipyridinium dibromide (6). 
 
 
 
 
Supplementary figure S21. Representative uv-vis spectra of 1,1’-dibenzyl-4,4’-bipyridinium dibromide 
(6) aqueous buffer solutions at pH 7 (*at pH 9.6 the compound crashes out the solution upon reduction): 
(a) run 1 (b) run 2. 
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Supplementary figure S22. Representative origin fitting plots for uv-vis data of 1,1’-dibenzyl-4,4’-
bipyridinium dibromide (6) aqueous buffer solutions at pH 7 (*at pH 9.6 the compound crashes out the 
solution upon reduction): (a) run 1 (b) run 2. 
 
*EPR spectra are not possible to obtain due to the poor stability and/or solubility of the 
formed radical. 
 
 
1-(4-Fluorophenyl)- 1'-methyl -4,4’-bipyridinium iodide/chloride (7). 
 
 
 
 
Supplementary figure S23. Representative uv-vis spectra of 1-(4-fluorophenyl)- 1'-methyl -4,4’-
bipyridinium iodide/chloride (7) aqueous buffer solutions at pH 7 (*at pH 9.6 the radical is unstable to 
obtain uv-vis spectra): (a) run 1 (b) run 2. 
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Supplementary figure S24. Representative origin fitting plots for uv-vis data of 1-(4-fluorophenyl)- 1'-
methyl -4,4’-bipyridinium iodide/chloride (7) aqueous buffer solutions at pH 7 (*at pH 9.6 the radical is 
unstable to obtain uv-vis spectra): (a) run 1 (b) run 2. 
 
*EPR spectra are not possible to obtain due to the poor stability and/or solubility of the 
formed radical. 
 
 
1-(4-Methoxyphenyl)- 1'-methyl -4,4’-bipyridinium iodide/chloride (8). 
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Supplementary figure S25. Representative uv-vis spectra of 1-(4-methoxyphenyl)- 1'-methyl -4,4’-
bipyridinium iodide/chloride (8) aqueous buffer solutions at pH 7 (*at pH 9.6 the radical is unstable to 
obtain uv-vis spectra): (a) run 1 (b) run 2. 
 
 
Supplementary figure S26. Representative origin fitting plots for uv-vis data of 1-(4-methoxyphenyl)- 1'-
methyl -4,4’-bipyridinium iodide/chloride (8) aqueous buffer solutions at pH 7 (*at pH 9.6 the radical is 
unstable to obtain uv-vis spectra): (a) run 1 (b) run 2. 
 
*EPR spectra are not possible to obtain due to the poor stability and/or solubility of the 
formed radical. 
 
1-Phenyl-1'-methyl-4,4’-bipyridinium iodide/chloride (9). 
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Supplementary figure S27. Representative uv-vis spectra of 1-phenyl-1'-methyl-4,4’-bipyridinium 
iodide/chloride (9) aqueous buffer solutions at pH 7 (*at pH 7 the radical has poor stability and at pH 9.6 
the radical is unstable to obtain uv-vis spectra): (a) run 1 (b) run 2. 
 
 
Supplementary figure S28. Representative origin fitting plots for uv-vis data of 1-phenyl- 1'-methyl -4,4’-
bipyridinium iodide/chloride (9) aqueous buffer solutions at pH 7 (*at pH 7 the radical has poor stability 
and at pH 9.6 the radical is unstable to obtain uv-vis spectra): (a) run 1 (b) run 2. 
 
*EPR spectra are not possible to obtain due to the poor stability and/or solubility of the 
formed radical. 
 
1-(4-Nitrophenyl)- 1'-methyl -4,4’-bipyridinium iodide/chloride (10). 
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Supplementary figure S29. Representative uv-vis spectra of 1-(4-nitrophenyl)- 1'-methyl -4,4’-
bipyridinium iodide/chloride (10) aqueous buffer solutions at pH 7 (*at pH 9.6 the radical is unstable to 
obtain uv-vis spectra): (a) run 1 (b) run 2. 
 
 
Supplementary figure S30. Representative origin fitting plots for uv-vis data of 1-(4-nitrophenyl)- 1'-
methyl -4,4’-bipyridinium iodide/chloride (10) aqueous buffer solutions at pH 7 (*at pH 9.6 the radical is 
unstable to obtain uv-vis spectra): (a) run 1 (b) run 2. 
 
*EPR spectra are not possible to obtain due to the poor stability and/or solubility of the 
formed radical. 
 
 
1-(2,4-Dinitrophenyl)-1'-methyl -4,4’-bipyridinium iodide/chloride (11).  
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Supplementary figure S31. Representative uv-vis spectra of 1-(2,4-dinitrophenyl)-1'-methyl -4,4’-
bipyridinium iodide/chloride (11) aqueous buffer solutions at pH 7 (*at pH 9.6 the radical is unstable to 
obtain uv-vis spectra): (a) run 1 (b) run 2. 
 
 
Supplementary figure S32. Representative origin fitting plots for uv-vis data of 1-(2,4-dinitrophenyl)-1'-
methyl -4,4’-bipyridinium iodide/chloride (11)  aqueous buffer solutions at pH 7 (*at pH 9.6 the radical is 
unstable to obtain uv-vis spectra): (a) run 1 (b) run 2. 
 
*EPR spectra are not possible to obtain due to the poor stability and/or solubility of the 
formed radical. 
 
1,1’-Di-2,4-dinitrophenyl-4,4’-bipyridinium dichloride (12a). 
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Supplementary figure S33. Representative uv-vis spectra of 1,1’-di-2,4-dinitrophenyl-4,4’-bipyridinium 
dichloride (12a) aqueous buffer solutions at pH 7 (*at pH 9.6 the radical is unstable to obtain uv-vis 
spectra): (a) run 1 (b) run 2. 
 
 
Supplementary figure S34. Representative origin fitting plots for uv-vis data of 1,1’-di-2,4-dinitrophenyl-
4,4’-bipyridinium dichloride (12a) aqueous buffer solutions at pH 7 (*at pH 9.6 the radical is unstable to 
obtain uv-vis spectra): (a) run 1 (b) run 2. 
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*EPR spectra are not possible to obtain due to the poor stability and/or solubility of the 
formed radical. N, N’-diaryl-viologens 12b-d also have poor stability and/or solubility of 
the formed radical at pH = 7 and pH = 9.6. 
 
1,1’-Dimethyl-2,2’-dichloro-4,4’-bipyridinium diiodide (13). 
 
 
 
 
Supplementary figure S35. Representative uv-vis spectra of 1,1’-dimethyl-2,2’-dichloro-4,4’-bipyridinium 
diiodide (13) aqueous buffer solutions at: (a) pH 9.6 run 1 (b) pH 9.6 run 2; (c) pH 7 run 1 (d) pH 7 run 2; 
(*at both pH 9.6 and pH 7 the compound has poor stability). 
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Supplementary figure S36. Representative origin fitting plots for uv-vis data of 1,1’-dimethyl-2,2’-
dichloro-4,4’-bipyridinium diiodide (13) aqueous buffer solutions at: (a) pH 9.6 run 1 (b) pH 9.6 run 2; (c) 
pH 7 run 1 (d) pH 7 run 2; (*at both pH 9.6 and pH 7 the compound has poor stability). 
 
 
Supplementary figure S37. Representative EPR spectrum and origin fitting plot for 1,1’-dimethyl-2,2’-
dichloro-4,4’-bipyridinium diiodide (13) aqueous buffer solution at pH 7 (a) Isothermal EPR dilution 
experiment spectrum (b) Nonlinear fitting curve the dimer concentration vs total concentration of viologen 
derivative. 
 
*EPR spectra at pH 9.6 are not possible to obtain due to the poor stability of the formed 
radical. 
 
 
1,1’-Dimethyl-2,2’-bis(methylthio)-4,4’-bipyridinium diiodide (14). 
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Supplementary figure S38. Representative uv-vis spectra of 1,1’-dimethyl-2,2’-bis(methylthio)-4,4’-
bipyridinium diiodide (14) aqueous buffer solutions at: (a) pH 9.6 run 1 (b) pH 9.6 run 2; (c) pH 7 run 1 (d) 
pH 7 run 2. 
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Supplementary figure S39. Representative origin fitting plots for uv-vis data of 1,1’-dimethyl-2,2’-
bis(methylthio)-4,4’-bipyridinium diiodide (14) aqueous buffer solutions at: (a) pH 9.6 run 1 (b) pH 9.6 run 
2; (c) pH 7 run 1 (d) pH 7 run 2. 
 
 
 
Supplementary figure S40. Representative EPR spectrum and origin fitting plot for 1,1’-dimethyl-2,2’-
bis(methylthio)-4,4’-bipyridinium diiodide (14) aqueous buffer solution at pH 7 (a) Isothermal EPR dilution 
experiment spectrum (b) Nonlinear fitting curve the dimer concentration vs total concentration of viologen 
derivative. 
 
*EPR spectra at pH 9.6 are not possible to obtain due to the poor stability of the formed 
radical. 
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1,1'-Dimethyl-2,2'-bis(phenylthio)- 4,4’-bipyridinium diiodide (15). 
 
 
 
Supplementary figure S41. Representative uv-vis spectra of 1,1'-dimethyl-2,2'-bis(phenylthio)- 4,4’-
bipyridinium diiodide (15) aqueous buffer solutions at pH 7 (*at pH 9.6 the compound is unstable to obtain 
uv-vis spectra): (a) run 1 (b) run 2. 
 
 
 
Supplementary figure S42. Representative origin fitting plots for uv-vis data of 1,1'-dimethyl-2,2'-
bis(phenylthio)- 4,4’-bipyridinium diiodide (15) aqueous buffer solutions at pH 7 (*at pH 9.6 the compound 
is unstable to obtain uv-vis spectra): (a) run 1 (b) run 2. 
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Supplementary figure S43. Representative EPR spectrum and origin fitting plot for 1,1'-dimethyl-2,2'-
bis(phenylthio)- 4,4’-bipyridinium diiodide (15) aqueous buffer solution at pH 7 (a) Isothermal EPR dilution 
experiment spectrum (b) Nonlinear fitting curve the dimer concentration vs total concentration of viologen 
derivative. 
 
*EPR spectra at pH 9.6 are not possible to obtain due to the poor stability of the formed 
radical. 
 
 
3,8-Dimethyl-3,8-phenanthrolinium diiodide (16). 
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Supplementary figure S44. Representative uv-vis spectra of 3,8-dimethyl-3,8-phenanthrolinium diiodide 
(16) aqueous buffer solutions at: (a) pH 9.6 run 1 (b) pH 9.6 run 2; (c) pH 7 run 1 (d) pH 7 run 2. 
 
 
Supplementary figure S45. Representative origin fitting plots for uv-vis data of 3,8-dimethyl-3,8-
phenanthrolinium diiodide (16) aqueous buffer solutions at: (a) pH 9.6 run 1 (b) pH 9.6 run 2; (c) pH 7 run 
1 (d) pH 7 run 2. 
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*EPR spectra are not possible to obtain due to the poor stability and/or solubility of the 
formed radical. 
 
1-Methyl-4,4’-bipyridinium iodide (17). 
 
 
 
 
Supplementary figure S46. Representative uv-vis spectra of 1-methyl-4,4’-bipyridinium iodide (17) 
aqueous buffer solutions at: (a) pH 9.6 run 1 (b) pH 9.6 run 2; (c) pH 7 run 1 (d) pH 7 run 2; (*at pH 7 the 
radical has poor stability): (a) run 1 (b) run 2. 
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Supplementary figure S47. Representative origin fitting plots for uv-vis data of 1-methyl-4,4’-bipyridinium 
iodide (17) aqueous buffer solutions at: (a) pH 9.6 run 1 (b) pH 9.6 run 2; (c) pH 7 run 1 (d) pH 7 run 2; 
(*at pH 7 the radical has poor stability): (a) run 1 (b) run 2. 
 
*EPR spectra did not show a signal for unpaired electrons at any concentration between 
1-100 mM. It is not clear if EPR and uv-vis are monitoring the same process for mono-
substituted bipyridinium salts as mono-substituted derivatives exhibit absolutely different 
behavior for dimerization process and need to be investigated as a separate species 
from viologen derivatives.  
 
1-(2-Hydroxyethyl)-4,4’-bipyridinium iodide (18). 
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Supplementary figure S48. Representative UV-Vis spectra of 1-ethyl alcohol-4,4’-bipyridinium iodide 
(18) aqueous buffer at (a) pH 9.6 run 1 (b) pH 7 run 2. 
 
 
Supplementary figure S49. Representative origin fitting plots for UV-Vis data of 1-ethyl alcohol-4,4’-
bipyridinium iodide (18) aqueous buffer solutions at pH: (a) pH 9.6 run 1 (b) pH 7 run 2. 
 
*EPR spectra did not show a signal for unpaired electrons at any concentration between 
1-100 mM. It is not clear if EPR and uv-vis are monitoring the same process for mono-
substituted bipyridinium salts as mono-substituted derivatives exhibit absolutely different 
behavior for dimerization process and need to be investigated as a separate species 
from viologen derivatives.  
 
3-Methyl-5,6-dioxo-5,6-dihydro-3,8-phenanthrolinium iodide (19). 
 
 
Compound 19 has poor stability and/or solubility of the formed radical. 
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Social self-sorting.  
 
 
Supplementary figure S50. Representative UV-Vis spectrum (Inset: nonlinear fitting curve at maximum 
absorbance of the dimer vs total concentration) is shown for pH 7 aqueous solution of equimolar amounts 
of 1-(4-methoxyphenyl)-1’-methyl-4,4’-bipyridinium iodide/chloride (8) and 1-(4-nitrophenyl)-1’-methyl-4,4’-
bipyridinium iodide/chloride (10). 
 
Characterization spectra 
 
1-(4-Nitrophenyl)- 1'-methyl -4,4’-bipyridinium iodide/chloride (10). 
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Supplementary figure S51. 1H NMR spectrum of 1-(4-nitrophenyl)- 1'-methyl -4,4’-bipyridinium 
iodide/chloride (10). 
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Supplementary figure S52. 13C NMR spectrum of 1-(4-nitrophenyl)- 1'-methyl -4,4’-bipyridinium 
iodide/chloride (10). 
 
1,1’-Dimethyl-2,2’-dichloro-4,4’-bipyridinium diiodide (13). 
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Supplementary figure S53. 1H NMR spectrum of 1,1’-dimethyl-2,2’-dichloro-4,4’-bipyridinium diiodide 
(13). 
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Supplementary figure S54. 13C NMR spectrum of 1,1’-dimethyl-2,2’-dichloro-4,4’-bipyridinium diiodide 
(13). 
 
1,1’-Dimethyl-2,2’-bis(methylthio)-4,4’-bipyridinium diiodide (14). 
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Supplementary figure S55. 1H NMR spectrum of 1,1’-dimethyl-2,2’-bis(methylthio)-4,4’-bipyridinium 
diiodide (14). 
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Supplementary figure S56. 13C NMR spectrum of 1,1’-dimethyl-2,2’-bis(methylthio)-4,4’-bipyridinium 
diiodide (14). 
 
1,1'-Dimethyl-2,2'-bis(phenylthio)- 4,4’-bipyridinium diiodide (15). 
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Supplementary figure S57. 1H NMR spectrum of 1,1'-dimethyl-2,2'-bis(phenylthio)- 4,4’-bipyridinium 
diiodide (15). 
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Supplementary figure S58. 13C NMR spectrum of 1,1'-dimethyl-2,2'-bis(phenylthio)- 4,4’-bipyridinium 
diiodide (15). 
 
 
Computational details 
 
Table S1.  Computational results of NBO analysis of compound 1 dimer.  B97D/6-
31+G(d,p) SMD aqueous solvation. 
 
Structure 1 Dimer    
from unit 1 to unit 2 
E2 
(kcal/mol) △E (a.u.) Fi,j (a.u.) 
1 0.07 1.65 0.01 
2 0.07 1.83 0.01 
2 0.09 1.65 0.011 
3 0.08 1.85 0.011 
3 0.1 1.31 0.01 
3 0.07 1.84 0.01 
 
104 
 
 
Table S1 continued 
3 0.08 1.66 0.011 
4 0.06 0.9 0.007 
10 0.07 1.34 0.009 
10 0.06 1.89 0.01 
11 0.1 0.24 0.004 
15 0.07 1.84 0.01 
15 0.08 1.3 0.009 
15 0.06 1.32 0.008 
16 0.15 1.3 0.013 
17 0.08 1.37 0.009 
17 0.05 1.86 0.009 
18 0.13 0.24 0.005 
24 0.05 1.36 0.007 
26 0.06 0.46 0.005 
29 0.1 1.25 0.01 
29 0.21 0.88 0.012 
33 0.08 0.87 0.008 
34 0.09 1.24 0.01 
34 0.21 0.86 0.012 
97 0.1 0.24 0.005 
98 0.07 0.24 0.004 
sum of interactions 2.44   
    
from unit 2 to unit 1    
35 0.07 1.83 0.01 
35 0.08 1.3 0.009 
35 0.06 1.32 0.008 
36 0.15 1.3 0.012 
37 0.07 1.84 0.01 
37 0.08 1.66 0.011 
37 0.08 1.85 0.011 
37 0.1 1.31 0.01 
38 0.06 0.9 0.007 
39 0.08 1.37 0.009 
39 0.05 1.86 0.009 
40 0.13 0.24 0.005 
46 0.05 1.36 0.007 
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Table S1 continued 
48 0.05 1.88 0.009 
48 0.06 0.46 0.005 
49 0.07 1.65 0.01 
50 0.07 1.83 0.01 
50 0.09 1.65 0.011 
56 0.07 1.34 0.009 
56 0.06 1.89 0.01 
57 0.1 0.24 0.004 
64 0.08 0.87 0.008 
65 0.09 1.24 0.01 
65 0.21 0.86 0.012 
66 0.06 0.87 0.006 
66 0.05 0.86 0.006 
67 0.1 1.25 0.01 
67 0.21 0.86 0.012 
99 0.07 0.24 0.004 
100 0.1 0.24 0.005 
Sum 2.6   
Total Sum of 
Interactions 5.04   
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APPENDIX B. SUPPORTING INFORMATION FOR CHAPTER 3 
B.1 UV/Vis Temperature Cycling  
 
Figure 1: UV-vis spectra of 20 µM aqueous solution of 2a in buffer at 5, 15, 25, 35, 45, 55, 65°C. (Inset) 
Reversibility studies of 20 µM solution of 2a in buffer. Five sequential cycles for one sample are shown. 
837 nm (blue line) and 958 nm (red line).   
 
 
Figure 2: Full UV-vis spectra of 100 µM aqueous solution of 2a in buffer at 5-95°C temperature range. 
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Figure 3: a) UV-vis spectra of 100 µM solution of 2a in pure DMSO at 30, 70, and 97°C. b) Reversibility 
studies of 100 µM solution of 2a in pure DMSO. Three sequential cycles for one sample are shown: 541 
nm (blue line), 610 nm (red line), and 859 nm (grey line). 
 
B.2 EPR Temperature Cycling 
Table 1: EPR data for thermomagnetic reversible switch. Spin concentration and % radical are shown for 
three subsequent heating-cooling cycles. 
Temperature, 
°C 
Cycle Spin Conc (mM) Relative Radical 
Increase 
25 1 0.20 1 
90 1 0.28 1.42 
25 2 0.19 .96 
90 2 0.28 1.45 
25 3 0.19 .96 
90 3 0.28 1.41 
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Figure 4: EPR spectra of 2 mM aqueous solution of 2a in buffer. Five subsequent cycles at 25°C and 
90°C (left) and overlapped spectra of 25°C and 90°C for each single cycle (right) are shown.  
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APPENDIX C. SUPPORTING INFORMATION FOR CHAPTER 4 
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Mellitic acid (1) 
 
 
 
 
150 MHz, D2O 
 
 
 
 
Mellitic acid (hexaphenyl) ester (2) 
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600 MHz, CDCl3 
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150 MHz, CDCl3 
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Mellitic acid (hexa-4-methylphenyl) ester (3) 
114 
 
 
 
600 MHz, CDCl3 
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150 MHz, CDCl3 
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Mellitic acid (hexa-4-ethylphenyl) ester (4) 
117 
 
 
 
 
 
600 MHz, CDCl3 
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150 MHz, CDCl3 
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Mellitic acid (hexa-4-isopropylphenyl) ester (5) 
120 
 
 
 
 
600 MHz, CDCl3 
 
 
121 
 
 
 
 
150 MHz, CDCl3 
 
 
 
122 
 
 
 
 
 
 
 
 
 
 
 
Mellitic acid (hexa-4-methoxyphenyl) ester (6) 
123 
 
 
 
 
 
600 MHz, CDCl3 
 
 
124 
 
 
 
 
 
150 MHz, CDCl3 
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Mellitic acid (hexa-4-chlorophenyl) ester (7) 
126 
 
 
 
 
 
600 MHz, CDCl3 
 
127 
 
 
 
 
150 MHz, CDCl3 
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Mellitic acid (hexa-4-bromophenyl) ester (8) 
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600 MHz, CDCl3 
 
130 
 
 
 
 
150 MHz, CDCl3 
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. 
 
 
 
 Mellitic acid (hexa-4-fluorophenyl) ester (9) 
132 
 
 
 
 
 
600 MHz, CD3CN 
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150 MHz, CDCl3 
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Mellitic acid (hexa-3-methyl-4-bromophenyl) ester (10) 
135 
 
 
 
 
 
600 MHz, CDCl3 
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150 MHz, CDCl3 
 
 
Mellitic acid (hexa-4-cyanophenyl) ester (11) 
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600 MHz, CDCl3 
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150 MHz, CDCl3 
 
139 
 
 
 
 
 
 
